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ABSTRACT 

T h i s  paper p r e s e n t s  in -depth  fundamenta l  i n f o r m a t i o n  o b t a i n e d  from a two-inch 
i n n e r  d i a m e t e r  l a m i n a r  f l o w  r e a c t o r  r e f e r r e d  t o  a s  t h e  Drop Tube Furnace  System 
(DTFS). T h i s  i n f o r m a t i o n  c o n s i s t s  of  t h e  f o l l o w i n g :  ( 1 )  p y r o l y s i s  k i n e t i c  
c h a r a c t e r i s t i c s  of  f o u r  coals of  v a r i o u s  r a n k  ( P e n n s y l v a n i a  a n t h r a c i t e ,  Alabama 
h i g h  v o l a t i l e  b i tuminous  c o a l ,  Montana subbi tuminous  c o a l ,  and  Texas  l i g n i t e ) :  and  
( 2 )  combustion k i n e t i c  s t u d i e s  of  c h a r s  produced f rom t h e  f o r e g o i n g  p a r e n t  coals. 
The combustion k i n e t i c  i n f o r m a t i o n  o b t a i n e d  on  t h e  h i g h  v o l a t i l e  b i t u m i n o u s  c o a l  
h a s  been used i n  c o n j u n c t i o n  w i t h  Combustion E n g i n e e r i n g ' s  p r o p r i e t a r y  
mathemat ica l  model t o  p r e d i c t  t h e  combustion per formance  of t h e  p i l o t  scale 
(500 ,000  B t u / h r )  C o n t r o l l e d  Mixing H i s t o r y  F u r n a c e  (CMHF). Comparison of  t h e  
p r e d i c t e d  d a t a  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  shows a v i r t u a l l y  one-to-one sca le -up  
from t h e  DTFS t o  t h e  CMHF. 

INTRODUCTION 

The Department of  E n e r g y ' s  i n t e n t  i n  s p o n s o r i n g  t h i s  and  o t h e r  r e l a t e d  programs i s  
t o  f o s t e r  i n c r e a s e d  c o a l  u s a g e  i n  t h e  Uni ted  S t a t e s .  To e f f e c t i v e l y  u s e  coal i n  
e x i s t i n g  and new a p p l i c a t i o n s  r e q u i r e s  a more d e f i n i t i v e ,  q u a n t i t a t i v e  
u n d e r s t a n d i n g  of  c o a l  p r o p e r t i e s  VS. performance. The o b j e c t i v e  of  t h i s  program 
is t o  develop  t h e  m e t h o d o l o g i e s  t h a t  most r e l i a b l y  c h a r a c t e r i z e  c o a l s  from a 
p y r o l y s i s l c o m b u s t i o n  s t a n d p o i n t  t h e r e b y  p e r m i t t i n g  a c c u r a t e  per formance  
p r e d i c t i o n s  t o  be made. T h i s  w i l l  i n  t u r n  a l l o w  i n t e l l i g e n t  u s e  of o u r  coal 
reserves f o r  a m u l t i p l i c i t y  of  i n d u s t r i a l  a p p l i c a t i o n s  w i t h  t h e  c o n f i d e n c e  l e v e l s  
r e q u i r e d .  

The q u a n t i t a t i v e  fundamenta l  d a t a  deve loped  from t h i s  s t u d y  i n d i c a t e  s i g n i f i c a n t  
d i f f e r e n c e s  i n  c o a l / c h a r  c h e m i c a l ,  p h y s i c a l ,  and r e a c t i v i t y  c h a r a c t e r i s t i c s ,  which 
s h o u l d  be u s e f u l  t o  t h o s e  i n t e r e s t e d  i n  model ing  coal combust ion  and  p y r o l y s i s  
p r o c e s s e s .  
c o a l  c o n v e r s i o n / u t i l i z a t i o n  p r o c e s s .  
p r o v i d i n g  v i t a l  i n f o r m a t i o n  t o  a d e s i g n e r  i n  t h e  area of c a r b o n  b u r n o u t  and NO 
r e d u c t i o n  f o r  a l a r g e  scale c o a l  u t i l i z a t i o n  scheme. 

The primary r e s e a r c h  t o o l s  used i n  t h i s  program were C E ' s  Drop Tube Furnace  System 
(DTFS), a bench scale e n t r a i n e d  l a m i n a r  f l o w  f u r n a c e  a n d  t h e  C o n t r o l l e d  Mixing 
H i s t o r y  Furnace (CMHF), a p i l o t  scale e n t r a i n e d  p l u g  f l o w  f u r n a c e .  
a n d  CMHF by v i r t u e  o f  t h e i r  a b i l i t y  t o  r e s o l v e  combust ion  time i n t o  d i s t a n c e  a l o n g  
t h e i r  r e s p e c t i v e  f u r n a c e  l e n g t h s  were used t o  examine c a r b o n  b u r n o u t  phenomena. 
I n  a d d i t i o n ,  t h e  CMHF by v i r t u e  o f  its staged-combustion c a p a b i l i t i e s  was used  t o  
e v a l u a t e  NOX,emissions and e s t a b l i s h  c o n d i t i o n s  c o n d u c i v e  t o  low NOX. 
r e s u l t s  o b t a i n e d  f rom t h i s  program w i l l  n o t  b e  d i s c u s s e d  i n  t h i s  p a p e r .  
a p p e a r  i n  t h e  for thcoming f i n a l  DOE r e p o r t .  

Coal  s e l e c t i o n  i s  known t o  be  o n e  of t h e  k e y s  g o v e r n i n g  a s u c c e s s f u l  
P r a c t i c a l  a p p l i c a t i o n s  o f  t h e s e  d a t a  i n v o l v e  

X 

Both t h e  DTFS 

The NOX . 
They w ~ l l  
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EXPERIMENTAL FACILITIES AND PROCEDURES 

Drop Tube Furnace  System (DTFS) 

The DTFS ( F i g u r e  1 )  i s  comprised of a 1- inch  i n n e r  d i ame te r  h o r i z o n t a l  t u b e  gas  
p r e h e a t e r  and  a 2- inch  i n n e r  d i ame te r  v e r t i c a l  t u b e  tes t  f u r n a c e  f o r  p rov id ing  
c o n t r o l l e d  t e m p e r a t u r e  c o n d i t i o n s  t o  s t u d y  p y r o l y s i s  and /o r  combust ion  phenomena. 
T h i s  e n t r a i n e d  f low r e a c t o r  is c a p a b l e  of  h e a t i n g  r e a c t a n t  g a s e s  and r e a c t i n g  
p a r t i c u l a t e s  t o  t e m p e r a t u r e s  up t o  2650°F (1730'K) and o b t a i n i n g  p a r t i c l e  
r e s i d e n c e  t imes  up t o  a b o u t  one  second t o  s i m u l a t e  t h e  r a p i d  h e a t i n g  suspens ion  
f i r i n g  c o n d i t i o n s  encoun te red  i n  p u l v e r i z e d  c o a l  f i r e d  b o i l e r s .  The DTFS t e s t i n g  
procedure e n t a i l s  t h e  f o l l o w i n g :  
through a water -cooled  i n j e c t o r  i n t o  t h e  test f u r n a c e  r e a c t i o n  zone: ( 2 )  a l l ow t h e  
f u e l  and its c a r r i e r  g a s  
g a s  s t r eam ; ( 3 )  a l l o w  combust ion  and /o r  p y r o l y s i s  t o  occur  f o r  a s p e c i f i c  t ime 
( d i c t a t e d  by  t h e  t r a n s i t  d i s t a n c e ) :  ( 4 )  quench t h e  r e a c t i o n s  by a s p i r a t i n g  t h e  
p roduc t s  i n  a wa te r - coo led  sampl ing  probe:  ( 5 )  separate t h e  s o l i d s  from t h e  

CO c o n c e n t r a t i o n s  i n  t h e  e f f l u e n t  g a s  s t r e a m .  An a s h  t r a c e r  t e c h n i q u e  (l, 2) is 
used  i n  c o n j u n c t i o n  w i t h  t h e  proximate  a n a l y s e s  of  a g iven  f e e d  sample and t h e  
c h a r s  s u b s e q u e n t l y  o b t a i n e d  from t h e  test f u r n a c e  t o  c a l c u l a t e  t h e  p y r o l y s i s  
weight l o s s e s  and /o r  combust ion  e f f i c i e n c i e s  a s  a f u n c t i o n  of  s e l e c t e d  o p e r a t i o n a l  
pa rame te r s  ( t e m p e r a t u r e ,  r e s i d e n c e  t i m e ,  f u e l  t y p e ,  e t c . ) .  

C o n t r o l l e d  Mixing H i s t o r y  Furnace  (CMHF) 

The p i l o t  s c a l e  (500,000 B t u / h r )  CMHF ( F i g u r e  1) i s  based on t h e  p r i n c i p l e  of p lug  
f l o w  which r e s o l v e s  time i n t o  d i s t a n c e  a l o n g  t h e  l e n g t h  of t h e  f u r n a c e .  
c o n s i s t s  of  a r e f r a c t o r y - l i n e d  1 . 5  f o o t  i n n e r  d i ame te r  c y l i n d e r  w i t h  an o v e r a l l  
h e i g h t  of 22.6 f t .  A m i x t u r e  of p u l v e r i z e d  f u e l  and pr imary  a i r  i s  f i r e d  downward 
i n t o  t h e  f u r n a c e  from a s i n g l e  bu rne r  c e n t r a l l y  l o c a t e d  a t  t h e  t o p  of t h e  fu rnace .  
The f u r n a c e  c o n s i s t s  of f o u r  zones - -p rehea t ,  combust ion ,  water -cooled ,  and 
a f t e r -bu rne r - -p roceed ing  downward from t h e  f u e l  admiss ion  p o i n t .  By sampling a t  
d i f f e r e n t  p o r t s  a l o n g  t h e  l e n g t h  of t h e  f u r n a c e ,  i t  is p o s s i b l e  t o  examine t h e  
carbon bu rnou t  and  NOX f o r m a t i o n  h i s t o r i e s  of  a f u e l .  An a s h  tracer method is 
a l s o  used t o  de t e rmine  t h e  s o l i d s  combustion e f f i c i e n c y  as a f u n c t i o n  of 
o p e r a t i o n a l  p a r a m e t e r s .  
ana lyzed  o n - l i n e  t o  d e t e r m i n e  NO x ,  0 2 ,  CO, and C02 c o n c e n t r a t i o n s .  

(1) f e e d  t h e  f u e l  a t  a p r e c i s e l y  known r a t e  

to r a p i d l y  mix w i t h  a p r e h e a t e d  down-flowing secondary 

gaseous p r o d u c t s  i n  a f i l t e r  medium: and ( 6 )  de t e rmine  o n - l i n e  NO x I  02. COz,  and 

I t  

Gaseous  p r o d u c t s  a s p i r a t e d  i n  a sampl ing  probe are 

RESULTS 

Ana lys i s  of  C o a l s  

The c o a l s  s e l e c t e d  f o r  t h i s  s t u d y  i n c l u d e  a l i g A  from Wilcox seam i n  Texas,  a subB 
c o a l  from Rosebud seam i n  Montana, a hvAb c o a l  from Black  Creek  seam i n  Alabama, 
and  an a n t h r a c i t e  from Buck Mountain seam i n  Pennsy lvan ia .  
u l t i m a t e  a n a l y s e s  and h i g h e r  h e a t i n g  v a l u e s  of t h e s e  c o a l s  ( T a b l e  1 )  a r e  
c o n s i s t e n t  w i th  t h e i r  ASTM c l a s s i f i c a t i o n s .  

P y r o l y s i s  C h a r a c t e r i s t i c s  of C o a l s  

S i z e  graded (200x400 mesh) c o a l s  were pyro lyzed  i n  t h e  DTFS i n  t h e  p re sence  of 
n i t r o g e n  a tmosphe re  a t  f i v e  d i f f e r e n t  t e m p e r a t u r e s  (1450,  1600,  1900, 2400, and 

The proximate and 
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TABLE 1 

SELECTED ANALYSES OF COALS 

TEXAS MONTANA ALABAMA PENN 

ligA subB hvAb an 

Rec'd DAF Rec'd DAF Rec'd DAF Rec'd DAF 

(WILCOX) (ROSEBUD) (BLACK CREEK) (BUCK MT. ) 

ANALYSIS As As As As 

Proximate, Wt. Percent 
Moisture (Total) 21.2 _ _  23.9 -- 3.6 -- 5.7 -- 
Volatile Matter 34.7 53.6 30.7 45.0 37.7 40.3 3.5 4.1 
Fixed Carbon 30.0 46.4 37.6 55.0 55.8 59.7 83.3 95.9 
Ash 14.1 _ _  7.8 -- 2.9 -- 7 . 5  -- 

Ultimate, Wt. Percent 
Hydrogen 3.5 5.5 3.6 5 . 3  4.9 5.3 1.7 1.9 
Carbon 45.6 70.5 51.6 75.5 78.5 84.0 82.7 95.3 
S u l f u r  0.6 0.9 0.7 1.0 0.7 0.7 0 .4  0.5 
Nitrogen 0 .8  1.3 0.9 1.3 1.6 1.7 0.7 0.8 
Oxygen (Diff) 14.2 21.8 11.5 16.9 7.8 8 . 3  1.3 1.5 
Ash 14.1 _ _  7.8 -- 2.9 -- 7.5 -- 

Btu/lb 7845 12130 8800 12080 13935 14910 12740 14675 
Higher Heating Value, 

2650°F) and residence times ranging up to 0.9 sec. Results, Figure 2 ,  show that: 
( 1 )  pyrolysis weight l o s s  depends significantly on temperature and time f o r  each 
coal; ( 2 )  and pyrolysis is virtually complete within 0.2 sec. for the lignite, 
subbituminous, and high volatile bituminous coals. The lignite and subbituminous 
coal showed, respectively, 12% and 14% volatile matter enhancements over their 
proximate ASTM volatile matter yields; the high volatile bituminous coal and 
anthracite, on the other hand, showed no volatile matter enhancements over ASTM 
results. 

Results in Figure 2 were used to derive the pyrolysis kinetic parameters for each 
coal. 
Walker et al. <4) was also used here. 

The derivation method used by Nsakala et al. Q), Scaroni et al. 0). and 
That is, briefly: 

C = Co exp (-kt) 1 )  

where Co is the maximum obtainable weight l o s s  referred to asAW,, , and C is the 
remaining pyrolyzable material weight at time t (C =AM, -AW, whereAW is the 
pyrolysis weight loss at time t), and k is a pyrolysis rate constant. Plugging 
these values into and manipulating Equation 1 yields 

In (l-AW/AWm) = -kt 2 )  

Plotting the left hand side of Equation 2 vs. t yields straight lines (Figure 3 )  
from which the k values can be obtained from the slopes of the least squares fits. 

Now, the k values can be used in conjunction with a first order Arrhenius law to 
obtain 

k = ko exp (-E/RT) 3 )  
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where ko,  E ,  R ,  and T are ,  r e s p e c t i v e l y ,  t h e  p y r o l y s i s  f r equency  f a c t o r ,  t h e  
a p p a r e n t  a c t i v a t i o n  e n e r g y ,  t h e  u n i v e r s a l  g a s  c o n s t a n t ,  and t h e  r e a c t i o n  
t empera tu re .  

P l o t t i n g  I n  k VS. 1/T y i e l d s  s t r a i g h t  l i n e s  ( F i g u r e  4) from which t h e  v a l u e s  of  ko 
and E can be o b t a i n e d  f rom t h e  i n t e r c e p t s  and s l o p e s  of  t h e  l e a s t  s q u a r e s  f i t s .  
R e s u l t s  from t h i s  s t u d y  are g i v e n  i n  T a b l e  2. 

TABLE 2 

KINETIC DATA FOR PYROLYSIS OF 200X400 MESH COALS I N  NITROGEN ATMOSPHERE 
AND 1450-2650°F(1060-17300K) TEMPERATURE RANGE 

FUEL TYPE E(ca l /mole )  ko(sec- ')  y 
Texas LigA 7980 50.8 -0.95 
Montana subB 4740 13.5 -0.93 
Alabama hvAb 7825 32.5 -0.98 
Pennsy lvan ia  A n t h r a c i t e  7755 38.7 -0.79 
y = C o r r e l a t i o n  C o e f f i c i e n t  

The low a c t i v a t i o n  e n e r g i e s  (4.7-8.0 kca l /mole )  encoun te red  h e r e  seem t o  i n d i c a t e  
t h a t  a p h y s i c a l ,  r a t h e r  t h a n  a chemica l ,  c o n t r o l  mechanism d o e s  c o n t r o l  t h e  
the rma l  decomposi t ion  p r o c e s s .  Var ious  i n v e s t i g a t o r s  <2, 2, 4. 5) employing 
d i lu t e -phase  r e a c t o r s  s i m i l a r  t o  t h e  p r e s e n t  DTFS have  a l s o  encoun te red  r e l a t i v e l y  
l o w  a c t i v a t i o n  e n e r g i e s  ( g e n e r a l l y  less t h a n  20 kca l /mole )  f o r  t he rma l  
decomposi t ion  of c o a l s  o f  v a r i o u s  r ank .  

Combustion C h a r a c t e r i s t i c s  of C o a l  Char s  

A commercial  g r i n d  v7OX-200 mesh) of each  c o a l  was pyro lyzed  i n  t h e  DTFS i n  
n i t r o g e n  a tmosphe re  a t  2650°F. 
o b t a i n  a 200x400 mesh size f r a c t i o n .  The proximate  and po re  s t r u c t u r a l  a n a l y s e s  
of each c o a l  c h a r  i s  g i v e n  i n  T a b l e  3. 
are v i r t u a l l y  v o l a t i l e  m a t t e r - f r e e ;  and (2)  w h i l e  t h e  BET s u r f a c e  areas fo l low t h e  

The r e s u l t a n t  c h a r  was subsequen t ly  s i z e  graded t o  

It  is notewor thy  t h a t :  (1) a l l  t h e  c h a r s  

TABLE 3 

PROXIMATE AND PORE STRUCTURAL ANALYSES OF 200X400 MESH DTFS-GENERATED CHARS 

QUANTITY TEXAS l igA MONTANA subB ALABAMA hvAb PENN. a n .  

Proximate,  W t  .%. 
V o l a t i l e  Ma t t e r  2.3(3.5)* 2.3(2.8)* 1.5(1.6)* 1.3(1.4)* 
Fixed Carbon ( D i f f )  64.3 80.3 94.6 92.1 
Ash 31.2 14.9 3.9 5.9 

191.3 89.9 16.4 2.6 

210.9 162.9 16.3 1.6 
0.79 0.69 0.86 1.62 
1.71 2.01 1.75 1.86 
0.681 0.952 0.591 0.080 

53.8 65.7 50.9 12.9 

*Dry-ash-free-basis 
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h 
i 

t r e n d  l i g A  > subB > hvAb > a n t h r a c i t e ,  t h e  t o t a l  open p o r o s i t y  t r e n d  i s  subB > 
l i g A  > hvAb > a n t h r a c i t e .  

Each c h a r  was burned i n  t h e  DTFS i n  0.03 atm.  0 
t e m p e r a t u r e s  (1600, 1900,  2150,  2400, and 2650"$) and r e s i d e n c e  times r a n g i n g  up 
t o  0.85 sec. R e s u l t s  show: (1) a s t r o n g  t e m p e r a t u r e  and t i m e  dependence of 
combust ion e f f i c i e n c i e s  of t h e  l i g A ,  s u b B ,  and hvAb c h a r s ;  and ( 2 )  a r e l a t i v e l y  
weak t empera tu re  and time dependence of t h e  a n t h r a c i t e  c h a r  combust ion e f f i c i e n c y .  

R e s u l t s  i n  F i g u r e  5 were used t o  de t e rmine  f o r  each  c h a r  t h e  o v e r a l l  rates o f  
ca rbon  removal  pe r  u n i t  e x t e r n a l  s u r f a c e  a r e a  ( K )  assuming t h a t  t h e  r e a c t i o n  
p roceeds  by a s h r i n k i n g  c o r e  mechanism. The K v a l u e s  were t h e n  used i n  c o n j u n c t i o n  
w i t h  classically c a l c u l a t e d  co r re spond ing  d i f f u s i o n a l  r e a c t i o n  ra te  c o e f f i c i e n t s  
(KD) t o  d e r i v e  t h e  s u r f a c e  r e a c t i o n  ra te  c o e f f i c i e n t s  ( K S )  a c c o r d i n g  t o  

( i n  n i t r o g e n  b a l a n c e )  a t  f i v e  

1 / K = l  / K D + l  / K S  4 )  

K S = ~  exp(-E/RT) 5) 

F i r s t  o r d e r  Ar rhen ius  Equa t ions  is t h e n  a p p l i e d  t o  t h e  d a t a  as f o l l o w s  

where A ,  E, R, and T are ,  r e s p e c t i v e l y ,  t h e  f r equency  f a c t o r ,  a p p a r e n t  a c t i v a t i o n  
e n e r g y ,  g a s  c o n s t a n t ,  and r e a c t i o n  t e m p e r a t u r e .  

P l o t t i n g  I n  KS v s .  1/T y i e l d s  s t r a i g h t  l i n e s  ( F i g u r e  6) from which t h e  v a l u e s  of A 
and E can be  o b t a i n e d  from t h e  i n t e r c e p t s  and s l o p e s  of  t h e  least  s q u a r e s  f i t s .  
T h i s  c a l c u l a t i o n  p rocedure  i s  g i v e n  i n  d e t a i l  by F i e l d  @, 1) and Goe tz  e t  a l .  
G). 
Two methods were used i n  t h i s  d e r i v a t i o n .  The f i r s t  method used t h e  bu lk  g a s  
t e m p e r a t u r e s  (T ). 
t e m p e r a t u r e s  (T:) by a h e a t  ba l ance  method u) a s  f o l l o w s  

The second method e n t a i l e d  c a l c u l a t i n g  p a r t i c l e  s u r f a c e  

H = H  + H r  
g c  

Where H , H , and H a r e ,  r e s p e c t i v e l y ,  t h e  ra te  o f  h e a t  g e n e r a t i o n  p e r  u n i t  area,  
t h e  rat@ o f c h e a t  l o g s  by c o n d u c t i o n ,  and t h e  ra te  of  h e a t  l o s s  by r a d i a t i o n .  
D i f f e r e n c e s  between T and T ranged from 2 0  t o  197°F. These  d i f f e r e n c e s  are 
r e f l e c t e d  i n  t h e  r e a c z i o n  k d e t i c  p a r a m e t e r s  g i v e n  i n  Tab le  4. These  r e s u l t s  
d e p i c t  t h e  impor t ance  of s p e c i f y i n g  t h e  method used i n  d e r i v i n g  combust ion k i n e t i c  
pa rame te r s .  

TABLE 4 

SENSITIVITY OF COMBUSTION KINETIC PARAMETERS OF 
VARIOUS 200x400 MESH CHARS TO THE METHOD OF DERIVATION 

E(CAL/MOLE) A(g/cmLsec.O2atm.) 

FUEL TYPE METHOD 1 METHOD 2 METHOD 1 METHOD 2 

Texas  L i g n i t e  21050 20350 57 35 .6  
Montana subB 26730 25400 593 271 
Alabama hvAb 23320 22550 80 50 
Pennsy lvan ia  A n t h r a c i t e  17900 17840 4 . 3  3.7 

Method 1: 
Method 2: 

Using measured gas t empera tu re  (T ) 
Using c a l c u l a t e d  p a r t i c l e  s u r f a c e g t e m p e r a t u r e  (Ts) 
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A 
1 

DTFS t o  CMHF S c a l e  Up S t u d i e s  

The combustion and  NO 
de t e rmined  i n  t h e  CMHf a t  500,000 Btu /h r  f i r i n g  r a t e .  
pa rame te r s  of t h i s  c o a l  c h a r  were  used i n  c o n j u n c t i o n  w i t h  o t h e r  c o a l  d a t a  and a n  
in-house  ma themat i ca l  model t o  s i m u l a t e  t h e  CMHF combustion p r o c e s s e s  under  
v a r i o u s  c o n d i t i o n s .  T h i s  mathemat ica l  model i s  e s s e n t i a l l y  based upon t h e  
f o r m u l a t i o n  of F i e l d  and  co-workers m, whereby t h e  f o l l o w i n g  d i f f e r e n t i a l  
e q u a t i o n  i s  s o l v e d  

c h a r a c t e r i s t i c s  of t h e  Alabama hvAb c o a l  were a lso 
The DTFS-derived k i n e t i c  

du . / d t  = -S . q .  7)  3 J J  
where u .  S .  and q . are ,  r e s p e c t i v e l y ,  t h e  we igh t  of a p a r t i c u l a r  r e s i d u a l  cha r  
f r ac t ioA’a t J ; ime  t der u n i t  i n i t i a l  we igh t  of c h a r ,  t h e  geomet r i c  s u r f a c e  a r e a  of  
e a c h  p a r t i c u l a r  f r a c t i o n  pe r  u n i t  weight  of c h a r  and t h e  r a t e  of carbon removal 
p e r  u n i t  geomet r i c  s u r f a c e  a r e a .  
i n s t a n t a n e o u s l y  r e l e a s e d  and burned.  
modeled. It  is no tewor thy  t h a t  t h e  p y r o l y s i s  i n f o r m a t i o n  p resen ted  i n  t h i s  paper 
c a n  be used i n  deve lop ing  c o a l  p y r o l y s i s  models f o r  i n c o r p o r a t i o n  i n  o v e r a l l  
combust ion  models .  

R e s u l t s  ob ta ined  from t h e  p r e s e n t  s i m u l a t i o n  s t u d y  w i l l  be exp la ined  i n  d e t a i l  i n  
t h e  f i n a l  N E  r e p o r t .  F i g u r e  7 d e p i c t s  two c a s e s :  ( I )  a base l i n e  (no  a i r  
s t a g i n g ,  20% e x c e s s  a i r ,  commercial  f u e l  g r i n d ) ;  and ( 2 )  an optimum NO r e d u c t i o n  
(50% primary s t a g e  s t o i c h i o m e t r y ,  20% e x c e s s  a i r ,  f i n e  g r i n d ) .  A very good 
agreement  e x i s t s  between t h e o r e t i c a l  and expe r imen ta l  r e s u l t s ,  i n d i c a t i n g  a 
v i r t u a l l y  one-to-one DTFS-to-CMHF scale-up.  
f o r  p r e d i c t i n g  ca rbon  h e a t  l o s s e s  i n  u t i l i t y  and i n d u s t r i a l  b o i l e r s .  
t e c h n i q u e  i s  t h e r e f o r e  o f  p r a c t i c a l  u s e s .  

Equat ion  7 assumes t h a t  t h e  v o l a t i l e  m a t t e r  is 
As s u c h ,  t h e  p y r o l y s i s  p r o c e s s  is n o t  

X 

CE is beg inn ing  t o  u s e  t h i s  t echn ique  
T h i s  

CONCLUSIONS 

The a p p a r e n t  a c t i v a t i o n  e n e r g i e s  f o r  c o a l  p y r o l y s e s  are so  l o w  (4 .7-8 .0  
kcal /mole)  t h a t  t h e y  seem to  i n d i c a t e  a p h y s i c a l  r a t h e r  t han  a chemica l  
c o n t r o l  of t h e  p y r o l y s i s  p r o c e s s .  

The appa ren t  a c t i v a t i o n  e n e r g i e s  f o r  c o a l  c h a r  combust ion  are i n  t h e  
17.9-26.7 k c a l l m o l e  r a n g e ,  i n d i c a t i n g  a ve ry  s i g n i f i c a n t  t e m p e r a t u r e  
dependence of  c o a l  c h a r  combust ion.  

Pore s t r u c t u r e  p l a y s  an impor t an t  r o l e  d u r i n g  c h a r  combust ion .  
t h e  t o t a l  open  p o r o s i t y ,  g e n e r a l l y ,  t h e  g r e a t e r  i s  t h e  c h a r  r e a c t i v i t y .  

Combustion per formance  a s  p r e d i c t e d  from DTFS k i n e t i c  d a t a  and  u s e  of  a 
mathematical  model a g r e e s  v e r y  w e l l  w i t h  combust ion  performance as d i r e c t l y  
measured on t h e  CMHF u s i n g  t h e  same c o a l .  

The fundamenta l  d a t a  p r e s e n t e d  h e r e  have  s i g n i f i c a n t  p r a c t i c a l  v a l u e  a s  
i n p u t s  t o  computer models t o  p r e d i c t  ca rbon  h e a t  l o s s e s .  

m 

The h ighe r  
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FLASH PYROLYSIS OF COAL I N  NONREACTIVE GASES 
\ 

Muthu S .  Sundaram", Meyer S te inbe rg ,  and P e t e r  T. Fa l lon  
Process  Sc ience  Div i s ion  

Department of Applied Science 
Brookhaven Nat iona l  Laboratory 

Upton, N.Y. 11973 

ABSTRACT 

Coal py ro lys i s  experiments were c a r r i e d  out  wi th  a New Mexico 
subbituminous c o a l  i n  the  presence of nonreac t ive  H e ,  N2, and A r  gases  
i n  an en t r a ined  downflow tubu la r  reactor. The percent  carbon conver- 
s ions  t o  CH4, C2H4, BTX, CO and Cog were determined as a f u n c t i o n  of 
temperature and r e s idence  time a t  50 p s i .  I n  helium atmosphere, t he  
y i e l d s  of methane and COX reached asymptotic va lues  i n  about 1 s e c  and 
e thylene  was produced thourghout the  l eng th  of t h e  BNL r e a c t o r  corre- 
sponding t o  a c o a l  p a r t i c l e  res idence  t i m e  of 1.7 sec. The r e l a t i v e  
y i e lds  of i nd iv idua l  products  were inf luenced  by t h e  py ro lys i s  atmo- 
sphere but  t he  t o t a l  carbon conversion remained almost unaf fec ted .  A 
reduct ion  i n  the  c a t i o n i c  conten t  of c o a l  by a c i d  t rea tment  enhanced 
the  production of CO and C02 but i nh ib i t ed  the  format ion  of e thy lene .  

INTRODUCTION 

D e v o l a t i l i z a t i o n  p lays  an important r o l e  in t h e  convers ion  of c o a l  
t o  gases and l i q u i d s .  It is gene ra l ly  agreed t h a t  combustion and gas i -  
f i c a t i o n  of coa l  is preceded by the  release of v o l a t i l e  ma t t e r  from the  
coa l  p a r t i c l e .  Under rap id  hea t ing  cond i t ions  (> lo4  OK/sec), v o l a t i l e  
y i e lds  i n  excess  of those  from proximate a n a l y s i s  (<LO2 OK/sec) have 
been obtained (Budzioch, 1970). Other r e a c t i o n  parameters which a f f e c t  
the  v o l a t i l e  y i e l d s  dur ing  py ro lys i s  of coa l  are: r e a c t i o n  tempera- 
t u r e ,  p a r t i c l e  r e s idence  time, and gas  pressure .  In add i t ion ,  t he  
py ro lys i s  product composition a l s o  depends on the  na tu re  of t he  en- 
t r a i n i n g  gas  medium. 

Previous r e sea rch  a t  Brookhaven mainly focused on t h e  y i e l d s ,  
d i s t r i b u t i o n ,  and k i n e t i c s  of formation of products in r e a c t i v e  hydro- 
gen and methane atmospheres (Sundaram, 1982; S te inbe rg ,  1982; Sundaram, 
1984). An i n v e s t i g a t i o n  was, t h e r e f o r e ,  i n i t i t a t e d  wi th  s p e c i a l  empha- 
sis on determina t ion  of f l a s h  p y r o l y t i c  behavior of c o a l  i n  nonreac t ive  
gases and t h e i r  mix tures .  This paper is s p e c i f i c a l l y  concerned wi th  
the  e f f e c t  of gaseous atmosphere on t h e  py ro lys i s  product y i e l d s .  
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EXPERIMENTAL 

Figure  1 presen t s  t h e  schematics of the  en t r a ined  downflow iso- 
thermal tubu la r  r e a c t o r .  A d e t a i l e d  d e s c r i p t i o n  of t he  des ign ,  con- 
s t r u c t i o n ,  and o p e r a t i o n  of the  r e a c t o r  is  a v a i l a b l e  (Sundaram, 1982). 
The r e a c t o r  is hea ted  e l e c t r i c a l l y  by f o u r  clamshell-type hea te r s  and 
designed f o r  o p e r a t i o n  a t  temperatures up t o  1050OC and pressures  up 
t o  4000 ps ig .  P a r t i c l e  heatup rates in t he  range lo4 t o  lo5 O K / s e c  
a r e  a t t a i n a b l e  in t h i s  r e a c t o r .  Other carbonaceous m a t e r i a l s  such as 
biomass and o i l  s h a l e  have a l s o  been success fu l ly  run in t h e  u n i t .  

Coal (5150 Um i n  d iameter )  is mixed with 10 t o  30% by weight of 
Cab-0-Sil, an i n e r t  fumed s i l ica  powder, t o  prevent agglomeration, and 
is fed  by g r a v i t y  i n t o  t h e  preheated gas  stream a t  an average flow 
r a t e  of about 400 t o  600 g /hr .  The preheated gas  is i n j e c t e d  a t  a n  
average volumetr ic  flow r a t e  of about 40 t o  45 l /min. A t  t he  beginn- 
ing of t h e  run ,  the c o a l  and gas  flow r a t e s  are so ad jus t ed  t h a t  a 
cons tan t  so l id- to-gas  f eed  r a t i o  of 0.15 t o  0.25 g c o a l / l  gas is main- 
tained in order  t o  b e  a b l e  t o  cont inue  a d i l u t e  phase opera t ion .  The 
res idence  t i m e  of t h e  c o a l  p a r t i c l e s  is determined from t h e  f r e e - f a l l  
v e l o c i t y  of t h e  s o l i d  p a r t i c l e s  us ing  Stoke ' s  l a w  and from t h e  veloc- 
i t y  of t he  e n t r a i n i n g  gas  molecules. 

The proximate and u l t i m a t e  ana lyses  of c o a l  used in t h e  s tudy  a r e  
shown i n  Table 1. The acid-washed New Mexico subbituminous coa l  was 
prepared by t r e a t i n g  the  o r i g i n a l  coa l  wi th  l a r g e  excess of 1 N HC1 a t  
room temperature followed by washing with de ionized  water u n t i l  t h e  
f i l t r a t e  was f r e e  o f  c h l o r i d e  ions. A l l  c o a l  samples were d r i ed  in a 
vacuum oven f o r  a t  l e a s t  24 hours before  feeding  i n t o  the  r eac to r .  
The gases used were of 99% o r  h igher  p u r i t y .  The dens i ty ,  h e a t  capac- 
i t y ,  and thermal c o n d u c t i v i t y  d a t a  f o r  experimental  gases are l i s t e d  
i n  Table 2. 50-50 g a s  mixtures  of helium and argon were prepared from 
pure gases  on a volume percent  b a s i s .  

The p r i n c i p a l  p y r o l y s i s  products were methane, e thy lene ,  BTX, CO,  
and CO2. Product gas  samples, corresponding t o  coa l  p a r t i c l e  resi- 
dence times v a r i a b l e  up t o  2 sec ,  are taken  from any of t h e  four  sam- 
p l e  t a p s  loca ted  a t  2 - f t  i n t e r v a l s  throughout t h e  length  of t he  reac- 
t o r  and analyzed v i a  on- l ine  GC. Products heavier  than BTX a r e  formed 
only a t  low tempera tures  (<8OO0C) and c o l l e c t e d  in water-cooled con- 
densers during i so the rma l  runs and analyzed sepa ra t e ly .  Char contain- 
ing c o a l  ash ,  Cab-0-Sil, and unreacted carbonaceous ma te r i a l  is col- 
lec ted  in a char p o t .  The y i e l d s  of i nd iv idua l  carbon-containing pro- 
ducts a r e  r epor t ed  as pe rcen t  of carbon contained i n  the  feed coa l .  

RESULTS AND DISCUSSION 

The product d i s t i b u t i o n s  from pyro lys i s  of c o a l  in nonreac t ive  
gaseous atmospheres of helium, n i t rogen ,  and argon were obtained as a 
func t ion  of tempera ture ,  res idence  t i m e ,  and p res su re  (S te inberg ,  
1983). A s p e c i f i c  purpose of t h i s  work was t o  f ind  whether t h e  hea t  
t r a n s f e r  c h a r a c t e r i s t i c s  of these  gases  had any in f luence  on t h e  pyro- 
l y t i c  product d i s t i b u t i o n  and i f  so, t o  what ex ten t .  
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The y i e l d  ve r sus  coa l  p a r t i c l e  r e s idence  t i m e  curves  f o r  Various 
products ob ta ined  from t h e  f l a s h  py ro lys i s  of New Mexico subbituminous 
coa l  in helium are shown i n  F igure  2 f o r  d i f f e r e n t  i so thermal  tempera- 
t u r e s ,  from 7000 t o  1OOOOC. Although t h e  t o t a l  carbon conversion t o  
hydrocarbon gases ,  BTX, and COX tends  t o  inc rease  wi th  c o a l  p a r t i c l e  
res idence  t i m e ,  one may no te  t h a t  most of t h e  conversion occurs  w i t h i n  
1 sec, and f u r t h e r  i nc rease  in r e s idence  t i m e  does not cause  s i g n i f i -  
can t  i nc rease  in t o t a l  carbon conversion. For in s t ance ,  a t  8OO0C, a 
carbon conversion equ iva len t  t o  10% is achieved a t  1 s e c  and increas-  
ing  the  res idence  t i m e  by 0.6 sec inc reases  t h e  t o t a l  carbon conver- 
sion by only 1.6%. 

This  is expected because the  hydrogen requi red  f o r  s t a b i l i z a t i o n  
of f r e e  r a d i c a l s  generated from coa l  and from pyro lys i s  tar  is "do- 
nated" by c o a l  i t s e l f ,  and the  amount of "donatable" hydrogen, present  
mostly in t he  hydroaromatic r i n g s  in coa l ,  is a f ixed  quan t i ty .  The 
ex ten t  of c racking  of hydroaromatic r i n g s  t o  release hydrogen is prob- 
ably not in f luenced  by coa l  p a r t i c l e  res idence  t i m e  a lone .  The hydro- 
aromatic r i n g s  a r e  connected t o  o t h e r  u n i t s  and func t iona l  groups in 
coal  by chemical bonds of d i f f e r e n t  s t r eng ths .  A s  t h e  temperature is 
increased ,  bonds with h igher  d i s s o c i a t i o n  energy are thermal ly  broken 
and a d d i t i o n a l  hydrogen can be r e l eased  from t h e  hydroaromatic po r t ion  
of coa l .  I n i t i a l  a c c e l e r a t i o n  in t he  r eac t ion  rate, e s p e c i a l l y  dur ing  
the  e a r l y  s t a g e s  of py ro lys i s ,  has been a t t r i b u t e d  t o  t h e  occurrence  
of simultaneous r e a c t i o n s  and/or t o  the  r e s i s t a n c e  of i n t r a p a r t i c l e  
mass t r a n s f e r  (Kobayashi, 1977). 

The product curves  show t h a t  u l t ima te  asymptotic y i e l d s  have been 
obtained f o r  methane and COX wi th in  t h e  r e s idence  t i m e  employed. The 
production c h a r a c t e r i s t i c  of e thylene  appears t o  be cons iderably  d i f -  
f e r e n t  from t h a t  of methane and COX. Polymethylene moie t i e s  p re sen t  
in coal  are considered t o  be main p recu r so r s  f o r  e thylene  product ion  
(Calkins,  1983). A t  low temperatures,  e thylene  is produced only a t  
long res idence  times. (S imi l a r  behavior is not iced  in COX produc- 
t i o n . )  A t  h igher  temperatures,  e thylene  is cont inous ly  produced 
throughout t he  l eng th  of t h e  r eac to r  and no maximum in i t s  y i e l d  is 
v i s i b l e  from the  curves .  Ex t r apo la t ion  of t h e  900OC curve  i n d i c a t e s  a 
maximum of about 5.8% a t  about 2-sec c o a l  p a r t i c l e  res idence  t i m e .  A t  
temperatures above 9OO0C, e thylene  undergoes decomposition as can be 
c l e a r l y  seen in Figure  3 in which t h e  product y i e l d s  are p l o t t e d  a s  a 
func t ion  of temperature f o r  var ious  res idence  times. Because of l a c k  
of hydrogen, only p a r t  of t he  decomposed e thylene  r e s u l t s  in the  for -  
mation of methane. It is seen  from t h i s  F igure  t h a t  a t  1.5 sec e thy l -  
ene y i e l d  decreases  from 4.9% at  9OOOC t o  2.3% a t  1000°C ( a  r educ t ion  
of 2.6% in abso lu te  y i e l d ) ,  whereas methane y i e l d  inc reases  from 3.4% 
a t  9OOOC t o  5.0% a t  1000°C (1.6% inc rease  i n  abso lu te  y i e l d ) .  The in- 
c rease  in t h e  BTX y i e l d  from 1.5% a t  900°C t o  2.2% a t  1000°C (Table 3) 
might be a t t r i b u t e d  t o  the  secondary r eac t ions  of e thylene  unaccounted 
f o r  as above. 

It appears t h a t  c racking  of polymethylene groups is ca ta lyzed  by 
in s i t u  minera l  matter i n  coa l .  When an ac id - t r ea t ed  New Mexico sub- 
bituminous c o a l  con ta in ing  6.2% ash  was  pyrolyzed, e thy lene  y i e l d s  
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were 25 t o  30% lower than  those  from o r i g i n a l  coa l  conta in ing  22.8% 
ash. An i nc rease  in t h e  temperature from 900° to  1000°C decreased t h e  
e thy lene  y i e l d s  by approximate ly  50% in both cases  (Table 3) .  The 
presence  of coa l  mine ra l  ma t t e r ,  however, seems t o  favor  the  format ion  
of methane and BTX a t  the expense of e thylene .  For example, in t h e  
case of un t rea ted  c o a l ,  t he  combined y i e l d s  of methane and BTX in- 
c rease  by 2.3% C a g a i n s t  a 2.6XC dec rease  in t he  y i e l d  of e thylene .  
On t h e  o the r  hand, in t h e  case  of ac id- t rea ted  coa l ,  e thy lene  formed 
at low temperature seems t o  undergo secondary thermal c racking  reac- 
t i o n s  a t  high tempera ture  r e s u l t i n g  in t he  formation of char.  

As can be see i n  Table 3, reduct ion  of c a t i o n i c  conten t  of c o a l  
by a c i d  t rea tment  i nc reased  t h e  y i e l d s  of CO and COP gases .  The de- 
c r e a s e  i n  e thylene  and BTX y i e l d s  were more than compensated by in- 
c r e a s e  in COX y i e l d  in t h a t  t h e  o v e r a l l  carbon conversion t o  hydrocar- 
bon gases p lus  BTX and COX a c t u a l l y  inc reased .  From s t u d i e s  based on 
model compounds (Cypres,  1975) and c o a l  (Schafer,  1979) ,  i t  is known 
t h a t  phenolic f u n c t i o n a l  groups in c o a l  a r e  mainly respons ib le  f o r  t h e  
production of CO. On t h i s  b a s i s ,  i t  is suggested t h a t  c o a l  mineral  
matter might c a t a l y z e  t h e  polymerization r e a c t i o n s  involv ing  phenolic 
groups o r  t h e i r  p recu r so r s  dur ing  e a r l y  s t a g e s  of d e v o l a t i l i z a t i o n ,  
thereby i n h i b i t i n g  t h e  evo lu t ion  of CO. In s i t u  mineral  ma t t e r  seems 
t o  ca t a lyze  t h e  d imer i za t ion  of so lven t  r a d i c a l s  under coa l  l iquefac-  
t i o n  cond i t ions  (Sundaram, 1983-1); cau t ion  should,  however, be exer- 
c i sed  in extending  t h e s e  r e s u l t s  t o  c o a l  py ro lys i s  because of d r a s t i c  
changes in r e a c t i o n  s e v e r i t y .  

In a d d i t i o n ,  i t  is a l s o  poss ib l e  t h a t  t h e  ac id  treatment could 
have caused changes in pore s t r u c t u r e  and/or chemical s t r u c t u r e  of 
coa l ,  which may have inf luenced  the  py ro lys i s  behavior.  A more thor- 
ough and sys t ema t i c  s tudy  is requi red  before  a n  acceptab le  mechanism 
can be advanced. 

In any case, the  pre l iminary  r e s u l t s  from the  p re sen t  s tudy  are 
d i f f e r e n t  from r e c e n t  f i n d i n g s  by F rank l in  of MIT (Frankl in ,  1981) who 
pyrolyzed c o a l  v i a  an  ex tens ive ly  used c a p t i v e  sample technique wi th  
repor ted  hea t ing  r a t e s  of about 1000°K/sec and holding times up t o  5 
sec. In t h e  la ter  s tudy ,  an acid-demineralized P i t t sbu rgh  No. 8 c o a l  
was spiked wi th  va r ious  ino rgan ic  a d d i t i v e s  such as calcite, qua r t z ,  
k a o l i n i t e ,  mon tmor i l l i n i t e ,  etc. ,  and calcium minera ls  were found t o  
be p a r t i c u l a r l y  e f f e c t i v e  in cracking  oxygen func t iona l  groups t o  pro- 
duce CO. It is not  clear whether t h e  d i f f e rences  between the  two 
s tud ie s  are due t o  t h e i r  exper imenta l  techniques (BNL: en t r a ined  
flow, s h o r t  r e s idence  time, high hea t ing  r a t e ;  MIT: cap t ive  sample, 
long hold ing  t i m e ,  slow hea t ing  r a t e )  o r  to  coa l  rank  (BNL: subbitu- 
minous coa l ;  MIT: bituminous c o a l ) .  We in t end  t o  pursue t h i s  sub jec t  
matter in more d e t a i l  in t h e  f u t u r e .  

The r e s u l t s  of py ro lys i s  experiments in o the r  nonreac t ive  gases 
a r e  shown in Figure  4. The t o t a l  conversion inc ludes  t h e  y i e lds  of 
methane, e thy lene ,  BTX, and COX. Because o f  a n a l y t i c a l  l i m i t a t i o n s  in 
measuring CO in t h e  presence of n i t rogen  o r  argon, CO y i e l d  da ta  from 
helium p y r o l y s i s  experiments were used t o  determine t o t a l  conversion 
under n i t r o g e n  and argon atmospheres. Examination of F igure  4 wi th  
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t h i s  assumption sugges t s  t h a t  the  t o t a l  carbon conversion i s  almost 
unaf fec ted  by py ro lys i s  atmosphere under the  cond i t ions  r epor t ed .  An 
inc rease  i n  t o t a l  conversion i n  the  o rde r  of He>Np>Ar was repor ted  
earlier (Sundaram, 1983-2). I n  t h a t  s tudy ,  c o a l  w a s  pyrolyzed a t  a 
h igher  p re s su re  (200 p s i )  and the  r e s u l t s  ob ta ined  from experiments 
employing somewhat nonuniform res idence  t i m e  cond i t ions  (3 .5  t o  4.7 
sec )  were compared, whereas i n  t h i s  paper r e s u l t s  from more uniform, 
narrow range r e s idence  t i m e  (1.5 t o  1.7 sec )  experiments are compared. 
Py ro lys i s  experiments under o the r  cond i t ions  are i n  p rogres s ,  and t h e  
r e s u l t s  w i l l  be published i n  a f u t u r e  r epor t .  

Even though the  t o t a l  carbon conversion remained almost unaffect-  
ed by py ro lys i s  atmosphere, t h e  r e l a t i v e  y i e l d s  of p y r o l y s i s  products 
seem t o  be a l t e r e d  by d i f f e r e n t  nonreac t ive  gases .  A c lear -cu t  t rend  
i n  product y i e l d s ,  however, is not revealed i n  F igure  4.  Neverthe- 
l e s s ,  some gene ra l i za t ions  on product y i e l d s  could be made. Conver- 
sion t o  methane followed t h e  inc reas ing  o rde r  of He>SO%He/SO%Ar>N2>Ar. 
The y i e l d  of e thy lene  was lower i n  helium atmosphere than i n  N 2  o r  A r  
and the  e thylene  y i e l d  maximized a t  900°C i n  a l l  gaseous atmospheres. 
A s l i g h t l y  l a r g e r  amount of BTX w a s  produced i n  A r  and H e / A r  than i n  
He o r  N2 up t o  900°C; a t  1000°C, the  BTX y i e l d  i s  almost t h e  same in  
a l l  gaseous atmospheres. 

The gas-fi lm hea t  t r a n s f e r  c o e f f i c i e n t  and hence the  heat-up rate 
of t he  c o a l  p a r t i c l e s  were found to  fo l low the  o rde r  He>Nq>Ar. I t  
appears t h a t  the  magnitude of d i f f e r e n c e  i n  t h e  p a r t i c l e  heat-up rate 
i s  not l a r g e  enough t o  s i g n i f i c a n t l y  a f f e c t  t h e  t o t a l  v o l a t i l e s  y i e l d  
under the  cond i t ions  repor ted  he re in .  The e f f e c t  of nonreac t ive  gases 
on the  phys ica l  and chemical c h a r a c t e r i s t i c s  of t he  r e s u l t i n g  cha r  is 
not  known a t  p resen t .  In  one i n v e s t i g a t i o n ,  t h e  su r face  area of pyro- 
l y s i s  char was found t o  be a f f e c t e d  by t h e  py ro lys i s  atmosphere and it 
was repor ted  t o  fo l low the  o rde r ,  He>Ar>N2 though f o r  unexplained rea- 
sons (Thakur, 1982). 

CONCLUSIONS 

When a New Mexico subbituminous c o a l  w a s  pyrolyzed i n  d i f f e r e n t  
nonreac t ive  gases ,  t h e  relative y i e l d s  of v o l a t i l e  products  were a l -  
t e r ed  but  t h e  t o t a l  carbon convers ion  remained almost unaf fec ted .  
Acid t rea tment  o f  t h e  c o a l  enhanced the  production of COX gases  but 
i nh ib i t ed  the  formation of e thylene .  This sugges ts  t h a t  t h e  i n  s i t u  
mineral  matter might ca t a lyze  polymerization r e a c t i o n s  involv ing  oxy- 
gen f u n c t i o n a l i t i e s  i n  coa l .  
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TABLE 1. ANALYTICAL DATA FOR NEW MEXICO SUB-BITUMINOUS COAL 

Ultimate Analysis (wt % dry) Ultimate Analysis (dry) 

Carbon : 55.9 Volatile Matter : 34.9 
Hydrogen : 4.3 Fixed Carbon : 42.4 
Nitrogen : 1.1 Ash : 22.8 
Sulfur : 1.0 
Oxygen (by diff.) : 14.9 

TABLE 2. PHYSICAL PROPERTIES OF GASES AT 9OOOC AND ATM. PRESSURE 

Helium Nitrogen Argon 

P8 (gm/cc) 2.80 10-3 1.96 x 2.81 x 

IJg (CPS) 5.78 x 5.56 x 7.29 x 

Kg (Cal/cmZ0K sec) 9.78 10-4 1.68 10-4 1.13 10-4 

Cp (Cal/Mole OK) 7.57 4.97 4.97 

TABLE 3. FLASH PYROLYSIS OF NEW MEXICO SUB-BITUMINOUS COAL IN HELIUM 
ATMOSPHERE AT 50 PSI TOTAL PRESSURE 

Particle Residence Time : 1.3 - 1.5 sec. 
Percent Carbon Conversion to Designated Products 

Untreated Coal* Acid-Washed Coal** ' 

Run No. 756 754 770 770 

Temperature, OC 900 1000 900 1000 

Product Yields: 

cR4 
C2H4 

BTX 

co 

co2 

3.4 5.0 3.7 3.8 

4.9 2.3 3.4 1.7 

1.5 2.2 2.4 1.9 

2.7 5.6 5.8 8.1 

1.1 1.8 2 .o 2.5 

Total 13.6 16.9 17.3 18.0 

* Ash Content: 22.8% 
** Ash Content: 6.2% 
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EVOLUTION OF TARS AND GASES DURING 

DEVOLATILIZATION OF COAL IN A FIXED BED REACTOR 

Cokhale, A.J., Vasudevan, T . V . ,  and Mahalingam, R. 
Department of Chemical Engineering 

Washington State University 
Pullman WA 99164-2710 

ABSTRACT 

Devolatilization of a subbituminous coal has been investigated 
in a laboratory fixed bed gasifier, by contacting the coal with a 
reactive gas mixture similar to that entering the devolatilization zone 
of a commercial gasifier. Two particle sizes of feed coal PSOC-241 
(-2,+1 and -4,+3 m) at a single reactor pressure (30 psig) were 
evaluated, in the temperature range 350 to 550 C. The tars evolved were 
characterized by capillary gas chromatography and gel permeation 
chromatography. The tar and gas evolutions are described in terms of 
concentration and pressure profiles, through considerations involving 
diffusion and pore structure. The overall devolatilization rates are 
evaluated through the unreacted shrinking core model. 

INTRODUCTION 

In coal gasification, the objective is to increase the calorific 
value of the original raw fuel by removing the unwanted constituent, 
viz., ash, and also to produce a fuel which is cheaper to transport, 
handle and utilize. will be limited to a Lurgi 
type fixed bed coal gasifier. Figure 1 [l] shows a schematic diagram of 
a Lurgi fixed bed gasifier. At the present state of technology, 
reliable engineering data are available on the gasification and 
combustion zones and can be readily applied to the design of a fixed bed 
gasifier. This is not the case with the devolatilization zone and no 
systematic study of the devolatilization phenomenon in the range of 
operating parameters for a fixed bed gasifier, has been reported in 
literature. Thus, it becomes necessary to conduct experimental and 
modelling work on the devolatilization behavior of coals, as influenced 
by particle size, pressure, temperature and a reactive gas environment 
[2]. Such devolatilization st.udies on a laboratory scale fixed bed 
gasifier form the main objecti,*re of the work described here [3 ] .  The 
operating conditions for these studies are selected based on whatever 
data are available in the literature on fixed bed gasifiers, the 
approach being to simulate the conditions existing in the 
devolatilization zone of a fixed bed The composition of the 
reactive gases entering the reactor is approximated to that entering the 
devolatilization zone of a fixed bed gasifier in practice. The 
residence time for the flow of reactive gases through the coal bed is 

The present discussion 

gasifier. 
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se lec ted  t o  be maintained a t  5 seconds f o r  a l l  the runs. The r e s u l t s  
obtained from the d e v o l a t i l i z a t i o n  of a subbituminous c o a l ,  PSOC-241. a t  
30 p s i g  (0.308 MPa) Two p a r t i c l e  
s i z e s  of  feed c o a l  were evaluated: (-2,+1) mm and (-4,+3) mm. Reaction 
temperatures used were 350, 450 and 550 C. The H2/CO mole r a t i o  i n  the 
feed gas was maintained a t  2.5. The durat ion of a d e v o l a t i l i z a t i o n  run 
was 5, 10, 20 or 30 minutes.  

reac tor  pressure a re  presented here .  

EXPERIMENTAL 

A schematic representat ion of  the experimental set-up is shown 
i n  Figure 2. The f ixed  bed reac tor  used f o r  conducting the 
d e v o l a t i l i z a t i o n  s tudies  was a 4.1 cm i . d .  x 72 cm long 316 s t a i n l e s s  
s t e e l  tube provided with a wire mesh grid(0.25 m opening), loca ted  4 cm 
from the bottom, t o  hold the  coal and char i n  the reac tor .  The reac tor  
was placed v e r t i c a l l y  ins ide  a furnace body. The graded coal  sample was 
introduced i n t o  the reac tor  from the top under grav i ty  by means of a 
Swagelok-type nut  and feed pipe arrangement. Based on the  reported 
g a s i f i c a t i o n  r a t e s  i n  a Lurgi type a i r  blown g a s i f i e r  [1 ,4]  i t  was 
ca lcu la ted  t h a t  the en ter ing  gas environment i n  the d e v o l a t i l i z a t i o n  
reac tor  should approximately have the following composition by volume: 
Gas H2 CO C02 CH4 N2 02 Steam Total  
Volume% 18 7 14 4 25 2 30 100 

Individual  gases  were drawn from compressed gas cy l inders  and 
mixed together  with steam i n  a steam tube. The r o l e  of  the steam tube 
was t o  convert feed water i n t o  steam, mix and preheat  the  steam-gas 
mixture t o  the des i red  d e v o l a t i l i z a t i o n  temperature. The steam tube was 
a 316 s t a i n l e s s  s t e e l  tube(l .5  cm i .d .  X 30 cm long) ,  f i l l e d  with i n e r t  
c a t a l y s t  support beads (3  m diameter, alumina content=99% by w t .  min; 
s i l i c a  content  =0.2% by w t .  max: surface area=0.3 sq.m/gm; Norton 
Chemical Company) and was placed ins ide  a small e l e c t r i c  furnace.  The 
feed gas stream entered the coa l  bed through a gas d i s t r i b u t o r  located 
a t  the bottom of the reac tor .  A high pressure back pressure regulator  
a f t e r  the  condensers was used t o  maintain the des i red  pressure i n  the 
reactor  system. The hot gases leaving the reac tor  from the  top were 
laden with the t a r  generated ins ide  the reactor :  i n  order  t o  
quant i ta t ive ly  c o l l e c t  the t a r  and steam condensate, a double pipe heat 
exchanger was used as a condenser. Cooling water was c i r c u l a t e d  through 
the outer  annulus and the t a r  laden gases were passed through the inner  
tube. Three such condensers (6mm i .d .  X 40 cm long) were used i n  series 
t o  condense most of  the t a r s .  A high pressure g l a s s  f i b e r  f i l t e r  was 
used a f t e r  the condensers a s  a f i n a l  t r a p  f o r  the t a r  p a r t i c l e s .  After  
the completion of a run, methylene chlor ide was used as  a solvent  t o  
wash down the condensers and the l i n e s ;  dissolved t a r s  and water phase 
were then co l lec ted  from the  bottom of the condensers. The y i e l d  of t a r  
was measured i n  gm of t a r  per  100 gm of coa l  fed  t o  the reac tor .  A 
Hewlett Packard 584011 gas chromatograph (with a 30 m long SE type 30 
glass  c a p i l l a r y  column and a flame ioniza t ion  de tec tor  ( F I D ) )  was used 
t o  quant i ta t ive ly  determine the species  present  i n  the  t a r  samples. 
Area v s  concentrat ion curves for  30 s tandard species  i n  methylene 
chlor ide were prepared. The species  f o r  s tandardizat ion were se lec ted  
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based on the publ ished l i t e r a t u r e  [5] .  The molecular weights of t a r  
samples were determined with a Waters Associates HPLC system. The 
columns used were 100 A and 500 A Ult ras tyrage l ,  made by Waters 
(columns: 7.8 nun i .d .  X 30 cm long) .  The c a r r i e r  solvent  was 
te t rahydrofuran (THF) and a W detec tor  was used f o r  absorption 
measurements. Polystyrene s tandards of  known molecular weights were used 
t o  prepare a molecular weight vs  e l u t i o n  volume curve. 

The gas samples co l lec ted  a t  5 ,  10, 20 and 30 minutes from the 
sampling cy l inders  during the d e v o l a t i l i z a t i o n  run were analyzed for  
individual  components. The permanent gases - C02, CO, and 02 - were 
analyzed on a CARBOSIEVE 53 column and the  hydrocarbon gases were 
analyzed on a PORAPAK R column. Both the columns were f i t t e d  on t o  a 
Hewlett Packard gas chromatograph 58408 equipped with an ECD detector .  A 
MOLECULAR SIEVE 5A column was used on a Carle gas chromatogarph 111H, 
equipped with a TCD de tec tor  t o  analyse N2 
was obtained by d i f fe rence .  A t  the  end of  a 5, 10,  20 and 30 minute 
run,  the reac tor  was quenched i n  water and the  char  was removed and 
weighed. 

the H2 i n  the gas samples. 

RESULTS AND DISCUSSION 

Chemical Analyses of Coal 
Sample 

Table 1 gives  the proximate and ul t imate  analyses of the 
subbituminous c o a l ,  PSOC-241. The c o a l  sample was ground t o  minus 200 
mesh U.S. The analyses 
were performed by the Continental Test ing and Engineering Company, 
Vancouver, B.C., Canada. From these analyses ,  the value for  the ul t imate  
y i e l d  of v o l a t i l e s  was obtained as  50.07% of coa l ,  t o  be used l a t e r  i n  
the  k i n e t i c  models. In order t o  determine the e f f e c t  of the durat ion of 
the  d e v o l a t i l i z a t i o n  run on the t o t a l  weight loss, some se lec ted  
d e v o l a t i l i z a t i o n  runs were conducted f o r  durat ions of 60 minutes and i t  
was observed t h a t  there  was no addi t iona l  weight loss a f t e r  30 minutes 
from the  s t a r t  of the  run. A t  550 C ,  the  maximum weight loss occured 
equal t o  49% o f  feed  coal  sample weighing 100 gm. 

s ieve  s i z e  and equi l ibra ted  t o  room condi t ions.  

!muerature on I 5 devolat j  

A. Devola t i l i z  a t i o n  

Effect  of Temperature 

The p r i n c i p a l  e f f e c t  of i z a t  ion 
phenomenon is' the decomposition of the  organic s t r u c t u r e  of coa l  t o  
y ie ld  water ,  hydrogen, methane, oxides of carbon and hydrocarbons. 
Consider t h e  da ta  on weight l o s s  and mm 
and (-4,+3) mm s i z e  coa l  as  shown i n  Tables 2 and 3. The weight l o s s  i s  
maximum a t  550 C and is the l e a s t  a t  350 C. This confirms the e a r l i e r  
observation repor ted  i n  l i t e r a t u r e  about the nature of pyro lys i s  of 

t a r / g a s  y ie lds  f o r  the (-2,+1) 
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coal. At 350 C, the free moisture in the coal is removed and a small 
amount of tar is produced, which indicates that at this temperature, the 
majority of the coal chemical structure is still intact. At 550 C. most 
of the devolatilization as indicated by 
no additional weight loss during some runs conducted upto 60 minutes 
duration. 

is completed around 30 minutes 

A plot of the distribution of molecular weights of tar samples 
is shown in Figure 3. From this it is clear that the fraction of 
evolving tar having molecular weight of about 300 units decreases as the 
run is continued. This can be attributed to the physical de- 
polymerization of similar structures or the chemical cracking of a 
species to lower molecular weight as it is exposed to temperature for 
longer times. 

The volumetric rate of evolution for all gases (Figures 4 and 5) 
shows a peak around 5 minutes from the start of a run and the rate then 
tapers off to zero around 30 minutes. In general, the rate of evolution 
for all gases is higher at higher temperature of reaction, 1.e. 550 > 
450 > 350 C ,  for all particle sizes. 

Effect of Particle Size 

The runs at 30 psig reactor pressure in the reactive gas 
atmosphere did not weight loss for 
the two particle sizes of coal studied, at 550 C. For the (-2,+1) m 
coal, the yield of tar at 30 minutes increased with temperature as shown 
in Table 3; whereas for the (-4,+3) nun coal, the yield of tar showed a 
maximum at 450 C, as shown in Table 2. This can be attributed to the 
cracking of tar at 550 C, resulting in reduced yield of tar at 550 C as 
compared to that at 450 C. Figure 6 shows the total weight loss and tar 
yield data for the two particle sizes. The tar molecules have longer 
residence time within the larger coal particles and hence the former are 
amenable to dissociation by cracking. The next section shows how the 
internal pressure build-up and tar concentration within the coal 
particle also increase with the particle size. 

exhibit any difference in the total 

B. Hathematical Models for Devolatilization 

Single First Order Reaction 
node1 

The earliest approach to the mathematical description of the 
devolatilization phenomenon was that of Pitt (1962) [6] who proposed a 
simple first order rate expression for the overall rate of evolution of 
volatiles: 

U) - =  dV -kV 
d t  

Anthony and Howard (1976) [7) have pointed out that this is an over 
simplified description and the literature values for the activation 
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energy vary from as law as 4 kcal/rnol to as high as 55 kcal/mol. This 
observation can be explained partly as being dependent on the type of 
the experimental set-up and operating variables, but mainly stems from 
the fact that when a series of parallel first order reactions are forced 
to be represented by a single reaction, very low values for the 
activation energy are bound to be obtained. In that respect, this 
representation is purely arbitrary but sometimes it has the ability of 
describing the observed rate process. Also, since there is often a 
limitation on analyzing the different chemical species quantitatively, 
such a simplified approach does have some merit. The values of 
activation energy and frequency factor for the subbituminous coal 
studied were: 11.4 kcal/mol and 0.554.l/sec for the (-2,+1) mm size 
coal; and 3.9 kcal/mol and 0.005 l/sec for the (-4,+3) nun size coal 
respectively. These indicate that although primary devolatilization 
involves organic reactions which have activation energy of the order of 
50 kcal/mol, the first order approximation yields a very low overall 
value. Thus, it will be inappropriate to conclude from these low values 
that the devolatilization phenomenon is purely diffusion controlled. Of 
course there is a significant resistance to diffusion of volatiles 
through the ash layer, which will be evaluated later. A cross reference 
to the literature indicates that Shapatina et al., (1960) [ 8 ]  have 
reported very low values for activation energy, viz., between 1 and 4 
kcal/rnol. 

Unreacted Shrinking Core Model 

This model was tested with the experimental data from the 
PSOC-241 subbituminous coal. The runs were conducted at 30 psig reactor 
pressure and in a reactive gas atmosphere. Two particle sizes of coal 
were used: (-4,+3) and (-2,tl) mm. The governing equation for this 
model is: 

Fluid film resistance control 

Equation (3) gives the necessary relation for fractional 
conversion of coal, for this case: 

(3)  3 3  
' J R p  t "  * R C 13kdtCA9,, ~ X = l -  

tit* = x ,  P so 
Based on equation (3). X, the fractional conversion of coal to volatiles 
was plotted against the reaction time. Figure 7 shows the data for 
(-2,+1) TII particle size, at 30 psig and reaction temperatures of 350, 
450 and 550 C. The data points fall on straight lines, but since these 
lines do not pass through the origin, it is logical to assume that there 
is not significant resistance to diffusion in the gas film around the 
particles. Similar conclusions are arrived at for (-4,+3) mm size coal, 
as shown in Figure 8. 
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Ash layer diffusion control 

Equation (4) ives the necessary relation in this case: t/k & 51 [ I - ~ ( I - x )  273 i- 2(1-5,)?J , t*=dR;C%/6DeACAb ( 4 )  

Based on equation (4). [1-3(1-X) + 2(1-X)] was plotted against time, as 
shown in Figures 9 and 10. It appears that there is some resistance to 
diffusion within the ash layer and this will be examined further through 
equation (6). 

Chemical reaction control 

(5 ) 
Based on equation (5). as shown in 
Figures 11 and 12. These curves also Indicate that there could be some 
reaction control on the progress of the coal devolatilization. This will 
also be further examined through equation (6). 

[l-(l-Xfi was plotted against time, 

Ash layer diffusion versus 
chemical reaction control 

Equation (6) gives the modified version of equation (4) as: 

1/3 t/t'=[) -(I-%) 1 , t = ~ C s ~ R p / 2 C A - & ~ '  
ln[l-(l-X)] was plotted against ln[t] as shown in Figures 13 and 14. 
Since the slopes of these lines are greater than two, it can be 
concluded tnat the ash layer offers the most of the resistance to the 
progress of coal devolatilization. This is further confirmed from 
Figure 15, where k / R p  is plotted against t/t* as suggested by 
Levenspiel (1972) [lo]. From this figure it is seen that the curve shows 
a point of inflection on the 135 degree dotted line (joining the points 
( 0 , l )  and (l,O)), indicating that ash layer controls the progress of the 
reaction. 

113 2 8 a 
( 6 )  

It must be pointed out at this stage that the above model is 
only 'phenomenological' and does not take into account the actual 
intrinsic chemical reactions. The numerous chemical species involved in 
devolatilization have been lumped into one hypothetical specie for the 
sake of mathematical simplicity and due to lack of detailed information 
on chemical structure. Thus this model is more qualitative in nature for 
this type of gas-solid system: it, however is quite informative. 

Intraparticle Diffusion Model 
for Subbituminous Coal [ll] 

This model has been described by Gavalas (1982) (111. It 
describes the concentrations of tar and gas inside the coal particle as 
a function of radial position, temperature, pressure and experimental 

I 
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yie lds  of t a r  and gas .  The p r inc ipa l  equations describing t h i s  model 
arc: 

The a n a l y t i c a l  s o l u t i o n  of these equations gives the dimensionless 
pressure build-up a s  : 

The parameter ' A '  i n  t h i s  model depends on bulk pressure outside the 
p a r t i c l e s  and on t h e  temperature of the reac t ion .  The parameter 'E' 
depends on t h e  square of the p a r t i c l e  radius .  The d i f f e r e n t i a l  
equations descr ib ing  the va r i a t ion  of t a r  and gas concentrations within 
the coa l  p a r t i c l e  were solved on ACSL (Advanced Computer Simulation 
Language) and the following p l o t s  were made: The dimensionless pressure 
build-up, wi th in  the coa l  p a r t i c l e  is p l o t t e d  aga ins t  the parameter A i n  
Figure 16. This p l o t  ind ica tes  t ha t  the pressure build-up i s  higher f o r  
larger  p a r t i c l e s .  A p l o t  of t a r  mole f r a c t i o n  within the p a r t i c l e  
aga ins t  the r a d i a l  p o s i t i o n  is  shown i n  Figure 17. A p l o t  for the  t a r  
concentration a t  t h e  center  of the coa l  p a r t i c l e  with respect t o  
parameter A (which i s  a measure of the t o t a l  pressure on the system), i s  
shown i n  Figure 18. This figure shows t h a t  f o r  the pressure range 
inves t iga ted  i n  the runs (30 - 375 ps ig)  [ 3 ] ,  the t a r  concentration is  
l e s s  s e n s i t i v e  t o  pressures  upto 300 psig.  A l s o ,  from these p l o t s  it 
can be seen t h a t  a t  a given pressure,  the t a r  concentration increases  
w i t h  p a r t i c l e  s i ze .  

CONCLUSIONS 

The coa l  devo la t i l i za t ion  experimentation reported herein 
involves r e a l i s t i c  s i z e s  of coa l ,  and a reac t ive  gas environment, a s  
postulated to  be a L u r g i  f ixed 
bed g a s i f i e r ,  opera t ing  a t  a given pressure and temperature. No such 
work has  been repor ted  on a macrosample of coa l  and hence the r e s u l t s  
from t h e  present  work should be more meaningful. The conclusions t o  be 
drawn from the r e s u l t s  presented a r e $  

present  i n  the devo la t i l i za t ion  zone of 
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1. Devolatilization of coal is influenced by the operating variables. 
2. I h C  peak i n  molecular veight for the tar generated is around 300. 
3. the overall rate of devolatilitation 
docs not adequately describe the phenomenon. 
4. The resistance to diffusion of tar out of the coal particle in the 
ash layer constitutes a major controlling mechanism in coal 
devolatilization. 
5. Pressure build-up and tar concentration inside the coal particle both 
increase vith particle s i re .  

A first order approximation of 
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NOTATION 

0 

A 

A' 

B 

'AI0 

cG 

'so 

cT 

DeA' 

DGT 

DIK* 

D i K  

E 

ks ks 

k0 

kmAl 

PO 

P 

radius of coal particle, a 

dimensionless parameter 

component in the gas phase 

dimensionless parmrter 

bulk concentratim of A ' ,  gmol/cm 

Concentration of gas evolvtd, a o l / a  

initial concentration of S. gmouan3 

concentration of tar evolved, gm01/cm3 

effective diffusivity of A ' ,  m2 /sec  

binary diffusivity, aP2/sec 

Knuds.cn diffusivity of the ith component, an2/sec 

effective Knudsen diffusivity of the ith component, an2/sec 

activation energy. Ircal/mol 

reaction rate constant, l/sec 

frequency factor, l/sec 

gas f i h  mass transfer coefficient, cm/sec 

pressure, a m  

total bulk presssure, atm 

3 

3 

I 

J 
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r 

r 

R 

R 

S 

t, t 

T 

V 

W 

P 
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atmospheric pressure,  atm 

r a d i a l  pos i t i on  within the  coal  p a r t i c l e ,  

rad ius  of unreacted core, 

gas cons t an t ,  cal/gmol. K 

rad ius  of coa l  p a r t i c l e ,  an 

component i n  the so l id  phase 

time, Sec 

temperature, K 

y i e l d  of v o l a t i l e s ,  gm 

f r a c t i o n a l  pressure  build-up 

mole f r a c t i o n  of t a r  evolved 

mole f r a c t i o n  of gas evolved 

f r a c t i o n a l  conversion 

s to ich iometr ic  coef f ic ien t  

r a t e  of evolution of tar, Bm/gm,sec 

r a t e  of evolu t ion  of gas. d ~ m - s e c  

permeabili ty of coal 

v i s c o s i t y  of gaseous mixture, an /see 

voidage 

2 
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Table 1. Chemical Analyses of Coal SuPple 

...................................................... 
Subbituminous Coal (PSOC-241) 
Proximate Analysis Ultimate Analysis 

% Hoisture 10.81 0 Carbon 66.17 
% A8h 6.24 % Hydrogen 4.53 
% Volatiles 39.26 % Nitrogen 1.09 
% Fixed Carbon 43.69 % Chlorine 0.01 

0 Sulphur 0.39 
100 .oo % Bsh 6.25 ------ % oxygen 21.54 

100.00 
-__--_ Btu/lb 9941 

free svelling index = 0 ------ --_-_____-____---_------------------------------------ 
Table 2. Volatilcs, Tar and Gas Yields: PSOC-241 coal, (-4.+3) 

mm;rcactor @ 30 psigjrsactive gas + steam mixture 
_-_______-__-_____-_-------------------- 
Total Volatile Yield, gn 
min 30 20 10 5 
550 C 43.0 41.7 38.0 36.3 
450 C 36.4 34.9 29.8 26.7 
350 C 26.0 22.2 20.7 15.7 

Tar Yield. ~ I O  
min 30 20 10 5 
550 C 1.75 1.07 0.77 0.31 
450 C 2.17 0.89 0.80 0.74 
350 C 0.75 0.53 0.45 0.28 

Gas Yield, p 
min 30 
550 C 13.7 
450 C 18.3 
350 C 6.3 

........................................ 

_-__-_-___-__--___---------------------- 

Table 3. Volatiles, Tar and Gar Yields: PSOC-241 coal, (-2,+1) 
m;reactor @ 30 psigjrcactive gas + steam mixture 

__-_--___-__-------_____________L_______-- 

Total Volatile Yield, gm 
min 30 20 10 5 
550 C 42.9 42.2 37.1 35.8 
450 C 37.0 36.8 33.5 31.9 
350 C 24.0 23.8 23.4 21.5 

Tar Yield, ~ I O  
min 30 20 10 5 
550 C 1.90 1.3 0.85 0.64 
450 C 1.41 1.17 1.05 0.55 
350 C 0.82 0.65 0.4 0.3 

Cas Yield, QUI 
min 30 
550 C 19.7 
450,C 7.3 
350 C H.A. 

.......................................... 

-_____-_-__-_I-___------------------------ 

--________-___________I_________________-- 
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HYDROXYL FUNCTIONAL GROU_P DETERMINATION I N  COAL TARS - AND PYROLYSIS OF 0-MEZIIYLATED 

Susan A. Cannon, C. J u d i t h  Chu, Robert H .  h u g e  and John L. Margrave 

Department of Chemistry, W i l l i a m  Marsh R i c e  Universi ty  
P. 0. Box 1892, Houston, Texas 11251 

INTRODUCTION 

The ob jec t ive  of t h i s  i n v e s t i g a t i o n  vas  t o  s tudy t h e  hydroxyl func t iona l  groups 
of t a r  molecules and t o  determine t h e i r  involvement i n  t h e  mechanism of t a r  
evolu t ion  during coa l  p y r o l y s i s  processes .  
in f ra red  spec t ra  of c o a l s  and t h e i r  respec t ive  tars suggest ing t h a t  the t a r  
molecules a r e  s i m i l a r  i n  s t r u c t u r e  t o  the  parent coa l  and contain similar funct ional  
groups c h a r a c t e r i s t i c  of t h e  parent  coa l . ( l )  
molecules should lead t o  a b e t t e r  understanding of t h e  parent  coal  s t ruc ture .  Our 
main concern has been centered  on the i d e n t i f i c a t i o n  of t a r  hydroxyl func t iona l  
groups and t h e  determinat ion of t h e i r  r o l e  i n  t h e  mechanism of tar evolut ion.  
Whether hydrogen bonding through t h e  hydroxyl func t iona l  groups i s  a n  important 
f a c t o r  i n  tar evolut ion w i l l  be inves t iga ted  through the  pyro lys i s  s t u d i e s  of 
methylated coals .  The process  of methylat ion rep laces  most of t h e  phenolic and 
carboxyl ic  hydrogens i n  coa l  with methyl groups.(2,3) Thus hydrogen bonding v i a  the 
phenolic or  carboxyl ic  hydrogens should be l a r g e l y  el iminated.  

of coal pyro lys i s  could exit the  r e a c t i o n  zone rap id ly  and be trapped with i n e r t  
n i t rogen  gas on a cold m a t r i x  surface.  Matrix i s o l a t i o n  s tudies  of t a r  molecules 
produce b e t t e r  resolved FTIR spec t ra  than those i n  a coal  matr ix ,  making s t r u c t u r a l  
c h a r a c t e r i z a t i o n  of the  tar molecules a more d e f i n i t e  p o s s i b i l i t y .  

Strong s i m i l a r i t i e s  e x i s t  between t h e  

C l a r i f i c a t i o n  of t h e  s t r u c t u r e  of t a r  

The experiments were designed so t h a t  t a r  molecules and o ther  gaseous products 

EXPERIMENTAL 

The Rice Universi ty  mul t i sur face  matr ix  i s o l a t i o n  apparatus  v a s  used i n  the 
pyro lys i s  s t u d i e s  of f o u r  d i f f e r e n t  ranks of coal  and t h e i r  respec t ive  methylated 
products. The four  coa l  samples s tudied vere  P i t t sburgh  bituminous, I l l i n o i s  C6, 
Rawhide sub-bituminous and Texas l i g n i t e .  The samples v e r e  ground and s i f t e d  under 
i n e r t  n i t rogen  atmosphere t o  prevent oxidat ion.  Only t h e  -500 mesh s i z e  coa l  
p a r t i c l e s  v e r e  used i n  t h e  experiments. 

u s e f u l  f o r  pyro lys i s  s t u d i e s  over a vide  range of temperatures. 
occuring a s  a r e s u l t  of v a r i a t i o n s  in  r e a c t i o n  temperature can be r e a d i l y  detected.  
Gaseous pyro lys i s  products  including t h e  t a r  molecules were trapped i n  a ni t rogen 
mat r ix  a t  12'K. 
temperature Over a 10 minute  t rapping period. 
analyzed of f - l ine  with a n  in tegra ted  I B I - F T I R  spectrometer. Tar evolu t ion  was 
observed t o  occur wi th in  t h e  same temperature range (150-600°C) f o r  the four  coals  
s tudied.  
temperature t o  approximately 62OoC. Detai led d e s c r i p t i o n s  of the  MI-FTIR apparatus  
and the pyro lys i s  r e a c t o r  can be found elsevhere.(4,5)  

Methylation of the  c o a l  samples vas  performed according t o  the  procedures 
descr ibed by R. L i o t t a  i n  "Select ive Alkylat ion of Acidic Hydroxyl Groups i n  
Coal".(2) The genera l  r e a c t i o n  procedure may be descr ibed using t h e  following 
equat ions:  

The matr ix  i s o l a t i o n  FTIR apparatus  possessses  60 depos i t ion  sur faces  which a r e  
Small changes 

One sur face  vas  used f o r  every 40-1OO0C increment r i s e  i n  
The frozen matr ice  v e r e  l a t e r  

Therefore the experimental temperature range s tudied  vas  from room 
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(coal)-OH + (C4Hg)4N0H 

I phenolic 
and carboxyl ic  

(coal)-ON(C4;g)4 + H20 

p31 ( t h e  methylat ing agent )  

Only -500 mesb coa l  p a r t i c l e s  were used i n  our methylat ion reac t ions .  
experimental procedure f o r  the  pyro lys i s  of t h e  methylated coa ls  was i d e n t i c a l  t o  
t h a t  of the  o r i g i n a l  coa l  i n  order  t o  determine i f  methylat ion i n  any way a l t e r s  t h e  
pyro lys i s  behavior of t h e  o r i g i n a l  coal .  

The 

RESULTS AND DISCUSSION -- 
Determination f Hvdroxvl Funct ional  Groups i n  Tar 

Hydroxyl func t iona l  group determinat ion i n  coa ls  has  been undertaken both 
spectroscopical ly  ( 6 )  a s  w e l l  a s  through a combination of chemical and spectroscopic  
means.(7) 
measurement of t h e  broad i n f r a r e d  absorp t ion  region between 3600-2000 cm 
broad absorpt ion range was complicated by t h e  presence of K B r  water absorpt ions 8s 
w e l l  as absorpt ions a t t r i b u t e d  t o  hydrogen bonded OH. 
func t iona l  determinat ion involved t h e  meaeurenent of i n t e n s i t i e s  of i n f r a r e d  bands 
(carbonyl s t r e t c h i n g  a t  1770 and 1740 cm- ) assigned t o  products of a c e t y l a t i o n  
reac t ions  of coal .  Both methods involved i n d i r e c t  determinat ion of OH func t iona l  
groups i n  t h e  parent  coa l  matr ix .  
i s o l a t i o n  techniques have t h e  advantage of a c t u a l l y  i s o l a t i n g  t h e  ind iv idua l  t a r  
molecules and o ther  gaseous products  i n  an i n e r t  matr ix .  I s o l a t i o n  of t h e  
ind iv idua l  t a r  molecules i n  an i n e r t  gas mat r ix  a t  lZ°K produced w e l l  resolved 
inf ra red  spec t ra  not observed i n  t h e  FTIR spec t ra  of tars i n  a coa l  matrix. thus  
making s t r u c t u r a l  c h a r a c t e r i z a t i o n  of t h e  t a r  molecules highly feasable .  
i s o l a t e d  t a r  should a l s o  be f r e e  of hydrogen bonding thus  f a c i l i t a t i n g  t h e  
i d e n t i f i c a t i o n  of hydroxyl func t iona l  groups. 

products of P i t t sburgh  bituminous from r.t. t o  621OC. 
molecules w a s  i n i t i a t e d  a t  temperatures a s  low as  13OoC and continued u n t i l  maximum 
evolut ion was reached a t  470yC. 
broad bands a t  3000-2800 cm- due t o  CH s t re tch ing ,  and 1550-1100 cm-' due t o  CH 
bending and CO s t r e t c h i n g .  
t a r  spectra  should provide information concerning t h e  hydroxyl func t iona l  groups 
present  i n  t h e  t a r  molecules. 
absorpt ions due t o  water- tar  complexes i n  t h i s  reg ion  complicated t h e  i d e n t i f i c a t i o n  
of t a r  OH func t iona l  groups. 
molecules r e s u l t e d  i n  not iceable  increases  i n  absorpt ions due t o  water- tar  
complexes. This i s  shown i n  Figure 2 which compares t h e  matr ix  i s o l a t e d  FTIR 
spec t ra  of I l l i n o i s  #6 t a r  molecules with t h e  r e s u l t s  obtained from ta r -water  
co-deposition xperiments. A s  can be seen, two d i s t i n c t  broad absorpt ions a t  3626.5 
and 3580.9 an-' remained unaffected by the  a d d i t i o n  of water molecules. These were 
assigned t o  t a r  bydroxyl func t iona l  groups. 
four  of t h e  coal tar  molecules s tud ied  a r e  shown i n  Figure 3. Considerable amounts 
of hydroxyl func t iona l  groups were found i n  t h e  t a r s  of t h e  two h igher  rank coals ,  
Pi t tsburgh bituminous and I l l i n o i s  16, with I l l i n o i s  #6 possessing g r e a t e r  amounts 
of hydroxyl func t iona l  groups. Considerably l e s s  hydroxyl absorpt ion w a s  observed 
f o r  tbe two lower rank coa l  t a r s ,  Rawhide sub-bituminous and Texas l i g n i t e .  The 

The spectroscopic  method of hydroxyl determinat ion r e l i e d  on  ip . This  

The second method of hydroxyl 

Studies  of coa l  pyro lys i s  processes  using mat r ix  

The matr ix  , 

Figure 1 shows t h e  matr ix  i s o l a t e d  FTIR spec t ra  of the  gaseous pyro lys i s  
The evolu t ion  of t a r  

Absorptions c h a r a c t e r i s t i c  of t a r  mo ecules  were 

Study of t h e  OH s t r e t c h i n g  region of t h e  mat r ix  i s o l a t e d  

The presence of water OH s t r e t c h i n g  modes and 

Co-deposition of water (0.5 H,O/lOO N ) w i t h  tar 

The OH s t r e t c h i n g  frequencies  of a l l  
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observat ion of l e s s  hydroxyls f o r  the lower rank coa ls  i s  i n  accordance with lower 
rank coa ls  possessing less aromatic  character .  

Comparison of OH s t r e t c h i n g  frequencies  of phenol, 2-napthol and cyclohexanol 
i n  ni t rogen mat r ix  wi th  those of m a t f p  i s o l a t e d  t a r  i s  shown i n  Figure 4. 
broad tar OH absorp t ion  a t  3626.5 cm 
f requencies  of phenol and 2-napthol but no t  with cyclohexanol. 
a c i d i c  a lcohol ic  hydroxyls have OH absorpt ions a t  f requencies  higher  than 3630 cm- 
(OH s t re tch ing  f r e  uency of n i t rogen  mat r ix  i s o l a t e d  methanol is  3664 cm-'). 
peak a t  3626.5 cm-I i s  t h u s  assigned t o  a phenolic hydroxyl. One a l s o  concludes 
t h a t  a lcohol ic  hydroxyls a r e  not presen 
intense t a r  OH absorp t ion  a t  3580.9 cm-' i s  s t i l l  under inves t iga t ion .  Since t h i s  
absorpt ion i s  lower i n  frequency than t h e  phenolic OH, it i s  probably due t o  a more 
a c i d i c  OH func t iona l  group than t h e  phenolic hydroxyl. 
hydroxyls o r  phenolic hydroxyls with an adjacent  thiophene group 
(hydroxy-benzothiaphene) . (8)  

Pvrolvsis  0-Methvlated 

g r e a t  i n t e r e s t .  
important in te rmolecular  bond i n  t h e  s t r u c t u r e  of coal .  
t h e  hydroxyl func t iona l  groups were the predominant f a c t o r  i n  determining t h e  
v o l a t i l i t y  of t h e  coa l  (determined by t h e  ease of tar evolu t ion  and percent  weight 
l o s s ) ,  then rep lac ing  t h e  hydroxyl hydrogens with methyl groups should el iminate  
t h i s  hydrogen bonding and make t h e  coal  more v o l a t i l e .  Hydroxyl func t iona l  groups 
can a l s o  undergo water  e l imina t ion  reac t ions  t o  form new C-0-C cross  linkages. The 
formation of these  new c r o s s  l inkages would a l s o  a c t  t o  reduce t h e  v o l a t i l i t y  of 
coa l  and thus  increase  t h e  t a r  evolut ion temperature. Methylation of the  coal  would 
el iminate  t h e  formation of these  new cross  l inkages.  More tar might a l s o  be evolved 
due t o  the  increased v o l a t i l i t y  and decreased decomposition of t h e  O-methylated 
coa l .  

through the  cleavage of weak l inkages such a s  methylene l inkages,  then methylation 
should not e f f e c t  t h e  v o l a t i l i t y  of the  coa l  o r  t h e  t a r  evolut ion temperature. 

Slow pyro lys is  s t u d i e s  of methylated coa ls  were performed t o  determine i f  
O-methylation i n  any way has  a l t e r e d  t h e  pyrolyis  behavior of the  o r i g i n a l  coal. 
Figure 5 shows t h e  mat r ix  i s o l a t e d  FTIR spec t ra  of the  pyro lys i s  products of 
methylated P i t t sburgh  bituminous from r.t. t o  604OC. 
r e s u l t s  of t h e  methylated coa l  (Figure 5)  with those of t h e  o r i g i n a l  coa l  (Figure 1 )  
showed severa l  d i f f e r e n c e s  i n d i c a t i v e  of coa l  s t r u c t u r a l  changes a f t e r  methylation. 
Tar evolut ion temperature  has been reduced by approximately 150-200°C, ind ica t ing  a 
more v o l a t i l e  coa l  a f t e r  methylat ion.  This  was observed f o r  a l l  four  ranks of coal 
s tudied.  An increase  of approximately 10% v o l a t i l i t y  was also observed f o r  all four  
coa ls  a f t e r  methylation. 
respec t ive  methylated t a r s  a r e  sbown i n  Figure 6. For a l l  four  coa ls ,  O-methylation 
ha6 changed t h e  r e l a t i v e  i n t e n s i t i e s  of C i i  
favor  Of g r e a t e r  cH3 absorp t ions  as i s  t o  ae expected s i n c e  CH3 groups have replaced 
a l l  hydrox 1 hydrogens i n  t h e  methylated tar. 
3626.5 cm-' a r e  a l s o  absent  i n  the  methylated tar molecules. 

O-methylated coal  suggest  t h a t  methylene l inkages a r e  not  involved i n  t h e  mechanism 
of t a r  w o l u t i o n .  
poss ib le  mechanisms of tar  evolut ion.  
bonding of t h e  hydroxyl groups a s  t a r  i s  evolved. 
formation of new cross  l inkages through decomposition of t h e  hydroxyl groups a t  
lover  temperature. 
t a P e r a t u r e  a t  which t h e  new cross  l inkages decompose. I s o t o p i c  enrichment s tud ies  
a r e  cur ren t ly  i n  progress  t o  a s s i s t  in  d i s t inguish ing  between the above mechanisms. 

The 
compares favorably with t h e  OH s t re tch ing  

I n  general ,  t h e  lees 

The 

The less i n  mat r ix  i s o l a t e d  t a r  molecules. 

P o s s i b i l i t i e s  a r e  carboxyl ic  

The r o l e  of hydroxyl func t iona l  groups i n  t h e  mechanism of tar  evolut ion i s  of 
Hydrogen bonding through the hydroxyl func t iona l  groups could be an 

I f  hydrogen bonding through 

If  the  evolut ion of t a r  during coa l  thermal decomposition occured pr imari ly  

Comparison of pyro lys i s  

Comparisons of t h e  mat r ix  i s o l a t e d  t a r s  with t h e i r  

t o  I+ groups i n  t h e  tar molecules in  

Phenolic hydroxyl absorpt ions a t  

The increased v o l a t i l i t y  and t h e  lowering of t a r  evolu t ion  temperature of the 

Our r e s u l t s  from t h e  pyrolysis  of O-methylated coa l  suggest two 
The f i r s t  involves  breaking only hydrogen 

A second mechanism envis ions the  

The temperature at which t a r  evolves  i n  then set by t h e  
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, I n  any case,  t h e  la rge  increase  i n  v o l a t i l i t y  of t h e  tar component of a l l  four  coa ls  
i s  q u i t e  remarkable and suggests  a common bonding mechanism i n  a l l  coa ls .  
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Figure 2 .  Co-Deposition of I l l i n o i s  P6 Tar and H20 i n  N2 Matrix 
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Figure 3 .  MI-FTIR Spectra of Four Coal Tars 
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Figure 4 .  Comparison of Hydroxyl Stretching Frequencies in  N p  Matrix 

Figure 6 .  Comparison of CE Stretching Region of Tar and 0-Methylated Tar 
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DISC U S 2  
VERY WID COAL PYBOLYSIS 

Peter  B. Solomon, nichael A. Serio,  Robert II. Carangelo and James 8. llarLhar 

Advanced Fuel Research, Inc., 87 Church St., East Ear t ford ,  CT 06108 USA 

INTRODUCTION 

Considerable controversy e x i s t s  concerning t h e  r a t e  of c o a l  pyrolysis .  For example, 
a t  800'C, r a t e s  reported i n  the l i t e r a t u r e  (der ived assuming a s i n g l e  f i r s t  order 
process  to def ine  weight l o s s )  vary from a low of around 1 sec-' (1-4) t o  a high near 
100 sec-' (5-8), v i t h  va lues  i n  between (9,lO). 
by d i f fe rences  i n  sample composition because experiments in which coa l  rank alone was 
var ied  t y p i c a l l y  show no more than a f a c t o r  of 5 v a r i a t i o n  i n  r a t e  (11). One problem 
is t h a t  i f  the higher  r a t e  is correc t ,  then any experiment which a t tempts  t o  obtain 
isothermal  r a t e  data  a t  800°C must heat  the  coa l  in a t i m e  s h o r t  compared v i t h  the 
pyro lys i s  time, Le. on t h e  order  of 100,000"C/sec. At higher  temperatures  the  
hea t ing  r a t e  t o  obta in  i so thermal  data  must be even f a s t e r .  But f o r  most experiments 
a t  temperatures  of 800°C or higher, ca lcu la t ions  of h e a t  up r a t e s  f o r  pulver ized coal 
suggest  t h a t  i f  the higher  r a t e  i s  cor rec t ,  pyro lys i s  w i l l  t y p i c a l l y  be occurr ing 
during heat  up, even assuming zero hea ts  of reaction. Under these  circumstances i t  is 
necessary t o  know t h e  coa l  p a r t i c l e  temperature to  der ive  k i n e t i c  ra tes .  Coal 
p a r t i c l e  temperatures  dur ing  rapid pyro lys i s  have not  genera l ly  been measured. 

I n  an at tempt  t o  resolve t h i s  controversy, a new pyro lys is  experiment was designed 
which provided f o r  high hea t ing  r a t e s  and a geometry which s i m p l i f i e d  the predict ion 
of p a r t i c l e  temperatures (12). It used a small diameter  e l e c t r i c a l l y  heated tube i n t o  
which coal  and helium c a r r i e r  gas were in jec ted .  The r e a c t i o n  d is tance  was varied by 
moving t h e  e lec t rode  posi t ions.  The p a r t i c l e  temperatures  and the  p a r t i c l e  residence 
t imes were ca lcu la ted  from the  measured tube w a l l  temperatures  and t h e  gas f low r a t e s ,  
respec t ive ly .  Even a l lowing  f o r  the uncer ta in ty  i n  these  es t imated  values ,  the r a t e s  
measured a t  asymptot ic  tube  temperatures of 700'C. 800°C and 900'C agreed with the 
h ighes t  reported r a t e s  and were incons is ten t  with the  low rates. 

These heated tube experiments  therefore ,  l e n t  support t o  t h e  high r a t e  advocates but 
suf fe red  i n  conclusiveness as d i d  the other  experiments  i n  t h i s  temperature range i n  
not  having a d i r e c t  measure of p a r t i c l e  temperature (2-10.12) and reac t ion  t i m e  
(2,5,7-9.12). 
Temperatures of the s o l i d s  were determined a t  the  tube e x i t  using FT-IR emission and 
t ransmiss ion  spectroscopy (13,14) and the  t r a n s i t  t ime f o r  the  coa l  v a s  measured using 
photo t r a n s i s t o r s  a t  t h e  t o p  and bottom of t h e  tube. Temperature measurements were 
a l s o  made i n s i d e  and o u t s i d e  the tube with a thermocouple. 

Measurements were made of t h e  amount and composition of t h e  t a r ,  char  and gases  
evolved as a funct ion of t h e  measured reac t ion  t i m e  and temperature. 
primary pyrolysis ,  during which the  i n i t i a l  rapid weight loss, the  evolu t ion  of t a r  
and l i g h t e r  hydrocarbons, and t h e  disappearance of the  a l i p h a t i c  (or hydroaromatic 
hydrogen) i n  the  coal /char  a l l  happen a t  s i m i l a r  ra tes .  
of a dry  North Dakota l i g n i t e  i n  a 115 cm long tube having an asymptot ic  tube 
temperature  of 800°C, pr imary pyro lys i s  vas  completed in a period of 14 mil l iseconds 
based on t h e  mean p a r t i c l e  res idence times. 
During t h i s  period, t h e  maximum coal  temperature was increas ing  from 600 to 74OOC. 
These data, a s  w e l l  as d a t a  obtained a t  equi l ibr ium tube temperatures  of 700OC and 
935'C. a re  i n  agreement v i t h  t h e  high pyro lys i s  r a t e  o r i g i n a l l y  reported (12). 

The d iscrepancies  cannot be explained 

The tube r e a c t o r  experiment was modified t o  e l i m i n a t e  these  dravbacks. 

We focus on 

For a 200 x 325 mesh f r a c t i o n  

The e x t e n t  of a x i a l  d i spers ion  was small. 
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This paper descr ibes  t h e  experimental apparatus  and measurement technique, and 
presents  t h e  r e s u l t s  f o r  a l i g n i t e  a t  temperatures  between 600°C and 935OC. 
r e s u l t s  a r e  compared t o  the  pred ic t ions  of a pyro lys i s  model and t o  t h e  l i t e r a t u r e  
data. Reasons f o r  the  discrepancies  are discussed. 

The i 

EXPEBIllENTAL 

The r e a c t o r  is i l l u s t r a t e d  i n  Fig. 1. 
which is heated e l e c t r i c a l l y .  
top of the tube. 
(7.8). The coal-gas mixture  e n t e r s  t h e  heated s e c t i o n  of tube and h e a t s  rapidly. The 
heat  t r a n s f e r  r a t e  i s  l a r g e  because of t h e  smal l  tube diameter ,  the  high thermal  
conduct ivi ty  of the  helium c a r r i e r  gas ,  and the  f a c t  t h a t  t h e  p a r t i c l e s  c o l l i d e  with 
the hot w a l l s  of the tube. After  a v a r i a b l e  res idence t i m e ,  t h e  r e a c t i n g  s t ream is 
quenched i n  a water cooled sec t ion  of tube. The product c o l l e c t i o n  t r a i n  cons is t s  of 
a cyclone t o  separa te  t h e  char followed by a c o l l e c t i o n  bag t o  c o l l e c t  t h e  gas, t a r  
and soot. The gas from the bag is analyzed by FT-IR and t h e  s o l i d s  and l i q u i d s  a re  
co l lec ted  on the bag sur face  and i n  a f i l t e r .  

Temperature Measurements 

The temperature of the  gas-coal mixture  and outs ide  tube temperature  has  been measured 
wi th  a thermocouple. A t  constant  cur ren t ,  t h e  tube w i l l  reach an equi l ibr ium 
temperature such t h a t  t h e  ex terna l  power loss by r a d i a t i o n  and convection is equal t o  
the e l e c t r i c a l  power input. With gas and coa l  f lowing i n  the  tube. the  tube is 
i n i t i a l l y  cooler  than t h e  equi l ibr ium temperature, s i n c e  hea t  is used t o  r a i s e  the 
temperature of the  gas and coal. The heat  absorbed by the  coa l  and gas  can be 
ca lcu la ted  from the measured tube temperature. When t h e  r e a c t a n t s  reach t h e  
equi l ibr ium temperature, the  outs ide  of t h e  tube reaches a constant  temperature. 

The r e s u l t s  f o r  one s e t  of measurements wi th  coa l  present  a r e  presented i n  Fig. 2. 
The measurements include: a )  thermocouple measurements i n s i d e  and outs ide  the tube; 
b) FT-IR measurements a t  the  center  of the  g a s l s o l i d  s t ream 0.75 cm below the  end of 
the  hot tube; c) thermocouple measurements a t  t h e  p o s i t i o n  of t h e  FT-IR measurement; 
and d) thermocouple measurements i n s i d e  a water  cooled tube at tached t o  the  hot tube 
t o  measure the  quenching ra te .  

Heat t r a n s f e r  c a l c u l a t i o n s  suggest t h a t  ins ide  the  tube t h e  thermocouple reads 10- 
20°C higher than the  gas  due t o  r a d i a t i o n  from the  wal l .  The bead temperatures  a t  
the FT-1R foca l  point was ca lcu la ted  t o  be lower by approximately the  same amount 
outs ide  the tube. The measurements of t h e  e x t e r n a l  tube w a l l  temperature  a r e  low due 
t o  heat  loss from the  thermocouple bead t o  t h e  surroundings. However, t h e  maximum 
e f f e c t  of t h i s  e r r o r  can be determined by comparing t h e  asymptot ic  va lues  of the  
ex terna l  w a l l  temperature  and the  i n t e r n a l  gas  temperature ,  which come t o  thermal 
equi l ibr ium f o r  s u f f i c i e n t l y  long dis tances .  The knowledge of t h i s  temperature 
d i f fe rence  along wi th  t h e  apparent w a l l  temperature can be used t o  determine the  
e r r o r  a t  each measured w a l l  temperature, which g e t s  lower a s  t h e  tube g e t s  cooler. 
For example, i n  t h e  800°C experiment, t h e  cor rec t ions  ranged from +35"C at  8OO'C t o  
+lOec a t  500°C when using a 0.002" diameter  thermocouple bead. The cor rec t ions  
sca led  with bead diameter ,  as expected. The w a l l  p r o f i l e  shown i n  Fig. 2 has been 
cor rec ted  f o r  r a d i a t i o n  e r rors .  
the  i n s i d e  of the tube was ca lcu la ted  t o  be negl igible .  

Measurements of coa l  p a r t i c l e  temperatures  were made using FT-IR emission and 
t ransmission spectroscopy. A s  descr ibed in a previous publ ica t ion  (13), the  
t ransmi t tance  measurement is used t o  determine the  t o t a l  e m i t t i n g  sur face  of t h e  coal  
p a r t i c l e s  so t h a t  a normalized emission,  (emission/(l-transmittance)) can be compared 

It  c o n s i s t s  of a 0.2" 1.d. I n c o n e l  7 0 2  t u b e  
Coal en t ra ined  i n  cold c a r r i e r  gas i s  i n j e c t e d  a t  the  

The coa l  i s  fed using a previously descr ibed entrainment  system 

The temperature  d i f f e r e n c e  between t h e  outs ide  and 
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i n  both shape and ampli tude t o  a t h e o r e t i c a l  black-body. 
provide a d i r e c t  measurement of the  coa l  p a r t i c l e  temperature  during heat  up. 
s i m p l e  case i s  i l l u s t r a t e d  i n  t h e  i n s e r t  of Fig. 2. 
v a s  a l loved  for t h e  coa l  t o  reach t h e  asymptot ic  tube temperature of 935'C (1208 K) 
and f o r  pyro lys i s  t o  have occurred. 
the  shape of the  normalized emission spectrum gives  t h e  temperature  and the amplitude 
gives  the emittance. 
t h e o r e t i c a l  black-body a t  1190 K with  a n  ampli tude corresponding t o  an emiss iv i ty  of 
0.9. The measured temperature  i s  i n  exce l len t  agreement v i t h  the tube temperature as  
a 10°C drop i n  temperature i s  expected between the  end of t h e  tube, and the measuring 
point  a t  0.75 cm below the  end. The measurement of temperature  before and during 
pyrolysis  i s  not a s  s imple,  s ince  f o r  the  s i z e  of coa l  p a r t i c l e s  used here only 
s p e c i f i c  bands (corresponding t o  t h e  absorbing bands i n  coa l )  provide s u f f i c i e n t  
absorbance f o r  the s p e c t r a l  emit tance t o  reach 0.9. Then, only these  regions can be 
used t o  compare t o  the  black-body. The measurement technique, the problems 
encountered, t h e i r  s o l u t i o n s  and t h e  results a r e  discussed i n  another paper a t  t h i s  
meeting (14). The r e s u l t s  a t  800°C a r e  presented a s  t h e  t r i a n g l e s  i n  Fig. 2. 

Calculat ions of the temperature  of the gas, the  thermocouple bead, and the  coa l  
p a r t i c l e s  were performed given the tube wal l  temperature  as a boundary condition. The 
ca lcu la t ions  assume t h e  temperature  dependent heat  capac i ty  f o r  coa l  derived by 
Merrick (15) vhich agrees  v i t h  the measurements of Lee (16), an average s p e c t r a l  
emit tance of 0.5 f o r  t h e  200 x 325 mesh p a r t i c l e s  of c o a l s  i n  agreement v i t h  recent  
FT-IR measurements (14) and zero hea t  of react ion.  The c a l c u l a t i o n s  aasume convective 
heat  t r a n s f e r  betveen t h e  tube v a l l  and gas and betveen t h e  gas  and coal  p a r t i c l e  o r  
thermocouple bead and r a d i a t i v e  heat  t r a n s f e r  betveen the  v a l l  and the  coal  p a r t i c l e  
o r  thermocouple bead. The h e a t  t r a n s f e r  c o e f f i c i e n t  between the v a l l  and t h e  gas, 
vhich was determined from t h e  Sieder-Tate equat ion (17), was val ida ted  by equating the 
e l e c t r i c  power input  t o  t h e  power rad ia ted  and convected outs ide  t h e  tube (determined 
from the tube  temperature and emiss iv i ty)  p lus  the  hea t  t r a n s f e r  t o  the  gas ins ide  the 
tube. 

I n  order  t o  match t h e  measured p a r t i c l e  temperatures i n  t h e  e a r l y  p a r t  of the  tube 
(e.&, < 50 cm a t  8OOOC) it  was necessary t o  include a term t o  account f o r  heat  
t r a n s f e r  due t o  c o l l i s i o n s  of  r e l a t i v e l y  cold p a r t i c l e s  v i t h  the  hot  v a l l s .  This 
phenomenon, knovn a s  wall-contact  heat  t r a n s f e r ,  has  been descr ibed by Boothroyd (18). 
A heat  t r a n s f e r  c o e f f i c i e n t  v a s  def ined by analogy to  a convent ional  convective 
coef f ic ien t ,  

The predicted r e s u l t s  ( l i n e s  i n  Fig. 2) are  i n  good agreement v i t h  the measured 
temperatures. 
predicted va lues  is a good i n d i c a t i o n  t h a t  the  cor rec ted  v a l l  temperature p r o f i l e  i s  
accurate. 
i n  agreement v i t h  a 10°C drop  from the  tube end t o  the  measuring point. 
values  f o r  the  heat  of r e a c t i o n  were considered. 
v o l a t i l e  m a t e r i a l  r e s u l t s  i n  a predicted temperature  which i s  too low although the 
shape of t h e  temperature v s  d i s t a n c e  curve matched the  FT-IR data  b e t t e r  than the zero 
heat of reac t ion  case. 
t h e  heat  of reac t ion  and t h e  chemical reac t ions  t o  vhich it a p p l i e s  (e.& t a r  loss, 
o v e r a l l  v e i g h t  loss, etc.). 

P a r t i c l e  Residence T l ~ e  

The heated tube r e a c t o r  v a s  modified f o r  p a r t i c l e  v e l o c i t y  measurements. 
of a pulse of coal  through t h e  system v a s  measured f o r  each e lec t rode  pos i t ion  by 
recording s i g n a l s  from photo t r a n s i s t o r s  mounted on g l a s s  s e c t i o n s  a t  the top and 
bottom of t h e  reac tor  tube on a dual  channel osci l loscope.  Photographs of the  
osci l loscope t r a c e s  a l l o v  a n  assessment of the  mean p a r t i c l e  res idence time and the  
ex ten t  of a x i a l  dispers ion.  

The FT-IR measurement can 
A 

For t h i s  case s u f f i c i e n t  time 

For a grey-body (such as shovn here  f o r  char) 

The normalized emission spectrum is i n  good agreement v i t h  a 

Le. Qvc = h,, (Tvall - Tcoal). 

The agreement between t h e  a c t u a l  thermocouple measurements and the 

The measured p a r t i c l e  temperatures  a r e  s l i g h t l y  belov t h e  predicted values 

A value of 250 K cal/gram of t o t a l  
Possible  

Addit ional  da ta  a r e  needed t o  determine t h e  poss ib le  values  for 

The passage 
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A technique vas  developed where short ,  well-defined pulses  could be introduced by 
using an e l e c t r i c a l l y  ac t iva ted  solenoid t o  i n j e c t  the  conten ts  of a tube containing 
the  coa l  charge and gas a t  10 psig. I n  addi t ion ,  the  r e a c t o r  v a s  s e t  up over the  
FT-IR bench i n  preparat ion f o r  hot  tests wi th  temperature  measurements. 
conf igura t ion  has the  added advantage of using a l a s e r  from t h e  FT-IR beam a s  the  
l i g h t  source f o r  the  l o v e r  photo t r a n s i s t o r ,  which improved the  s i g n a l  t o  noise  
s ign i f icant ly .  
wi th  tar a f t e r  a few hot  runs. 
p a r t i c l e  stream a s  i t  emerged from the tube, which meant t h a t  t h e  measured d ispers ion  
v a s  i n  excess of what a c t u a l l y  occurred i n  the  tube. 

The photographs enabled an assessment of the p a r t i c l e  res idence t ime and of the  
p a r t i c l e  dispers ion,  which impacts on t h e  k i n e t i c  ana lys i s .  Some representa t ive  
t r a c e s  from cold and hot  tests a r e  shown i n  Fig. 3. F igure  3a i n d i c a t e s  a 
t r a n s i t  t ime of approximately 60 mil l iseconds f o r . t h e  coa l  i n  the  cold tube. 
average t r a n s i t  t ime i n  t h e  cold experiments v a s  determined from a number of 
measurements t o  be 56 milliseconds. The p a r t i c l e s ,  therefore ,  t r a v e l  at  about 80% of 
the  gas ve loc i ty  of 2 8  m/sec. 
heated over increasing d is tances  (75, 100 and 115 cm). The t r a n s i t  time is reduced t o  
about 32 mil l iseconds when 115 cm i s  heated (Fig. 3d). 

The ex ten t  of a x i a l  d i spers ion  v a s  smal l  and v a s  t y p i c a l l y  a lmost  symmetrical, which 
would lead t o  a s l i g h t  (approximately 10%) underest imat ion of the  r a t e  constant. It 
v a s  neglected i n  the  a n a l y s i s  of r e s u l t s  f o r  t h i s  paper. 

Data a r e  presented i n  Fig. 4 f o r  the  mean p a r t i c l e  t r a n s i t  times f o r  hot  experiments. 
The hot da ta  a r e  adjusted so t h a t  t h e  t r a n s i t  t i m e  i n  t h e  cold p a r t  of t h e  tube is not 
included. 
t h e  de tec tors  (125 cm) and using the  cold da ta  t o  determine t h e  t r a n s i t  time which 
should be subtracted from the  observed t r a n s i t  t ime f o r  t h e  hot  experiment. The 
adjusted d a t a  then r e f l e c t  the  amount of time i t  takes  t o  t raverse  the hot  zone. 

The p a r t i c l e  residence t ime data  d e f i n i t e l y  i n d i c a t e  t h a t  the  p a r t i c l e s  a r e  
acce lera t ing  i n  the  hot experiments a t  c lose  t o  t h e  same rate as t h e  gas  except f o r  a 
slowdown i n  the  region where pyro lys i s  begins  (-50 cm). This  is reasonable  i n  l i g h t  
of the  small value of the  c h a r a c t e r i s t i c  drag t ime,  1.5 mil l iseconds,  (which 
i n d i c a t e s  the  re laxa t ion  t i m e  f o r  a p a r t i c l e  f o r  a s t e p  change i n  gas ve loc i ty)  f o r  
t h e  s i z e  f r a c t i o n  used i n  the  hot experiments (-200, +325 mesh) (17). The data  were 
f i t  by a model which assumes the  p a r t i c l e s  a r e  moving a t  80% of the  average gas 
v e l o c i t y  u n t i l  primary pyrolysis  is 1% complete, a t  40% of the  gas  v e l o c i t y  between 
1% and 75% pyrolysis ,  and back t o  804 of the gas v e l o c i t y  a f t e r  pyro lys i s  is  75% 
completed. 
probably associated with evolut ion of gas from t h e  coa l  o r  swel l ing  which has been 
observed f o r  t h i s  l i g n i t e  under these extremely high hea t ing  rates .  

Addit ional  confirmation of the  p a r t i c l e  v e l o c i t i e s  v a s  obtained from comparing the 
p a r t i c l e  feed r a t e  wi th  t h e  dens i ty  of p a r t i c l e s  e x i t i n g  t h e  tube determined by FT-IR 
t ransmi t tance  measurements, where the  dens i ty  of p a r t i c l e s  i n  the  focus i s  inverse ly  
propor t iona l  t o  t h e i r  veloci ty .  

This 

i 
It a l s o  e l imina ted  the  l o v e r  g l a s s  tube  which tended to  be obscured 

The only problem v a s  a s l i g h t  spreading of t h e  

The 

Figures  3b-3d show the  t r a n s i t  t ime when t h e  tube is 

This  v a s  done by subt rac t ing  t h e  heated length  from t h e  d is tance  between 

The reason f o r  t h e  slow down during pyro lys i s  is not  y e t  c l e a r  but  is 

BESIILTS 

The r e s u l t s  a re  shown i n  Fig. 5 f o r  isothermal  tube temperatures  of 700'C, 800°C, and 
935% 
indiv idua l  gas spec ies )  as a func t ion  of the  r e a c t i o n  dis tance.  The mass balance v a s  
between 96.5 and 101%- 

Figures 5a-c present  the weight % char, tar, and gas  ( the sum of measured 
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The measured and c a l c u l a t e d  p a r t i c l e  temperatures  and t i m e s  a s  func t ions  of dis tance 
are shown in Figs. 5d-f. 
temperature  d a t a  obta ined  at  800°C and 935% and the  p a r t i c l e  times match t r a n s i t  
t ime da ta  obtained a t  80OOC. Confidence can be placed in the  ca lcu la ted  temperature 
at 70OoC because t h e  c a l c u l a t i o n s  use t h e  same heat  t r a n s f e r  c o e f f i c i e n t s  which give 
t h e  va l ida ted  c a l c u l a t i o n s  a t  800'C and 930°C. The t ime ca lcu la t ions  a t  70OoC and 
935% employ t h e  same r e l a t i v e  v e l o c i t y  between gas and p a r t i c l e s  t h a t  w a s  measured 
at 800°C. For a l l  three  temperatures ,  pyro lys i s  occurs  during p a r t i c l e  hea t  up, even 
though hea t ing  r a t e s  a r e  in excess of 40,000°C/sec. 

The s o l i d  l i n e s  in Figs. 5a-5c are generated using a previously presented pyrolysis  
theory ( 8 )  which c a l c u l a t e s  the  evolut ion of ind iv idua l  spec ies  using a d is t r ibu ted  
a c t i v a t i o n  energy of the  form introduced by Anthony e t  a l .  (1) f o r  each species. The 
r a t e s  f o r  t a r  and hydrocarbon gases  a r e  shown in Fig. 6. The gas  r a t e  is f i v e  times 
h igher  than t h e  r a t e  f o r  t h e  same spec ies  in Ref. 8. This  i s  t o  account f o r  the  
f a c t o r  of 5 higher  r a t e s  observed f o r  l i g n i t e s  compared t o  bituminous coa ls ,  
discussed in (11). An e r r o r  was discovered i n  t h e  c a l c u l a t i o n  of t a r  evolut ion in 
Ref. 8. The r a t e  in Fig. 6 is f o r  the  corrected ca lcu la t ion .  As a f u r t h e r  
comparison, t h e  r e c i p r o c a l s  of t h e  t imes  required t o  achieve 63% t a r  y i e l d  a r e  
p lo t ted  ( s o l i d  c i r c l e s )  in Fig. 6 a s  a func t ion  of t h e  r e c i p r o c a l  of the  average 
absolute  temperature dur ing  t h i s  period. 
a r a t e  cons tan t  of 6.3 sec-l. 
r a t e .  

The theory is i n  e x c e l l e n t  agreement wi th  t h e  data. A t  a l l  three  temperatures the  
observed weight loss is a r e s u l t  of rap id  evolut ion of tar and s lower evolut ion of the  
gases. The increase  in t o t a l  weight l o s s  wi th  increas ing  f i n a l  temperature  is the  
r e s u l t  of gas evolut ion (pr imar i ly  CO and H20) due t o  l o s s  of t i g h t l y  bound funct ional  
groups. 

For comparison with previous weight loss data ,  a s i n g l e  f i r s t  order  weight loss has 
been ca lcu la ted  (dashed l i n e s )  using a r a t e  k - 4.28 x 1014exp(-55,400/RT) sec-l. 
This is one ha l f  k t  
evolut ion of tar an% the  s lower r a t e  f o r  gas evolution. The s i n g l e  f i r s t  order  r a t e  
does not f i t  t h e  d a t a  a s  w e l l .  It g ives  a s teeper  weight l o s s  than is observed and 
t h e  y i e l d  does not increase  with temperature. Given these  l i m i t a t i o n s  inherent  i n  a 
s i n g l e  f i r s t  order  model, t h e  theory is in good agreement with t h e  data. 

The ca lcu la ted  p a r t i c l e  temperatures  match PT-IR 

A s i n g l e  pyro lys i s  experiment a t  600% gave 
These da ta  f a l l  c l o s e  t o  t h e  l i n e  def in ing  the  t a r  

( see  Fig. 6 )  and represents  a compromise between t h e  rapid 

DISCUSSION 

The measured rate f o r  pr imary pyro lys i s  weight loss is therefore  higher than the  high 
r a t e s  o r i g i n a l l y  measured b y  Badzioch and Hawskley (5 ) .  
k c a l  is what is expected from thermochemical k i n e t i c s  f o r  e thylene br idges between 
aromatic  r ings  and a g r e e s  wi th  pyro lys i s  r a t e s  f o r  model compounds and polymers where 
these  bonds are t h e  weak l i n k s  (19). 
obtained a t  much lower temperature  (-450°C) a t  a hea t ing  r a t e  of 30'C/sec. 

What a re  the  reasons f o r  t h e  d iscrepancies  between these  rates and r a t e s  reported by 
many other  i n v e s t i g a t o r s  (1-4,9,1,0,20-22)? There a r e  two reasons f o r  t h e  
discreparicies, i n t e r p r e t a t i o n  of the  r a t e  and knowledge of the  p a r t i c l e  temperatures. 
Consider f i r s t  the  g r i d  experiments. The da ta  and a n a l y s i s  by Anthony et  al .  (1) 
i l l u s t r a t e s  t h e  f i r s t  reason. They presented two k i n e t i c  i n t e r p r e t a t i o n s  f o r  t h e i r  
data. a s i n g l e  f i r s t  order  process  and a s e t  of p a r a l l e l  processes  wi th  a Gaussian 
d i s t r i b u t i o n  of a c t i v a t i o n  energies. Both i n t e r p r e t a t i o n s  f i t  t h e  da ta  using 
Arrhenius expressions f o r  k i n e t i c  ra tes .  The s i n g l e  f i r s t  order  process  which uses 
an a c t i v a t i o n  energy of 11 kcal/mole requi res  two parameters, while  the  d is t r ibu ted  
r a t e d  model which uses  a mean a c t i v a t i o n  energy of 56 kcal /mole requi res  a t h i r d  
parameter t o  descr ibe  t h e  spread in ra tes .  Niksa e t  al. (3) used a s i n g l e  f i r s t  

The a c t i v a t i o n  energy of 55 

The r a t e  is a l s o  in agreement w i t h  data  
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order  model with i ts  low a c t i v a t i o n  energy. 
a c t i v a t i o n  of the two parameter f i t  a s  being chemical ly  unreasonable, and s e t t l e d  f o r  
a less accura te  f i t  but  wi th  appropr ia te  a c t i v a t i o n  energies. The problem i s  t h a t  a 
v a r i e t y  of i n t e r p r e t a t i o n s  may provide good f i t s  t o  t h e  d a t a  over a l i m i t e d  range of 
temperature and heat ing ra tes .  
information t o  choose between the  p o s s i b i l i t i e s ,  some of which lead  t o  h ighly  
inaccurate  extrapolat ions.  It i s  only by performing a d d i t i o n a l  experiments  a t  higher 
heat ing rates and therefore  higher  pyro lys i s  temperatures  t h a t  t h e  ambigui t ies  can be 
el iminated.  
a c t i v a t i o n  energy model was t h e  b e t t e r  choice t o  produce k ; y  100 sec-l a t  800°C. 
Addit ional  discrepancies  a r e  probably due t o  inaccura te  assumptions regarding 
p a r t i c l e  temperatures which have not been measured i n  t h e  g r i d  experiments. 

I f  the  high a c t i v a t i o n  energy r a t e  is the  b e t t e r  choice, what about the  d a t a  of 
Koba ash i  e t  a l .  (2) which give a rate on t h e  order  of 1 sec-’ a t  800°C and only 100 
sec-’ a t  17OO0C? There was no d i r e c t  measurement o r  conf i rmat ion  of the  p a r t i c l e  
temperature i n  these experiments. Ins tead ,  a n  assumption was made t h a t  t h e  p a r t i c l e s  
were a t  t h e  gas  temperatures  a t  t h e  longes t  res idence t i m e  (200 mi l l i seconds)  f o r  a 
nominal furnace temperature  of 1260 K where a weight loss of 26 w t .  % was observed. 
It w a s  assumed t h a t  t h e  26 w t . %  point  was always reached a t  a temperature of 1260 K 
i n  the  higher  temperature experiments. These assumptions were used t o  determine a 
parameter, 8 ,  defined a s  the  r a t i o  of t h e  momentum shape f a c t o r  t o  the energy 
shape factor .  The p a r t i c l e  temperature  c a l c u l a t i o n s  were performed assuming: a 
value of 8 = 3, although a value c l o s e r  t o  uni ty  would be more l i k e l y ;  a smal le r  value 
of p a r t i c l e  heat capaci ty  than i s  now bel ieved (15,16); a higher value f o r  the 
absorpt ion of rad ia t ion  than recent  da ta  would i n d i c a t e  f o r  s m a l l  coa l  p a r t i c l e s  (13) 
and zero heat  of pyrolysis .  The r e s u l t i n g  c a l c u l a t i o n  g ives  a heatup t i m e  of 
approximately 18 mil l iseconds a t  1260 K, i n  c o n f l i c t  wi th  the  observat ion t h a t  no 
weight loss has occurred a t  70 mil l iseconds.  Furthermore, t h e  i n i t i a l  assumption i s  
i n  c o n f l i c t  with the  da ta  presented i n  t h i s  paper which suggest  t h a t  had t h e  coal  
been a t  1260 K f o r  even 10 mil l iseconds.  s u b s t a n t i a l l y  more than 26% weight l o s s  
would have occurred. We be l ieve  t h a t  the p a r t i c l e  temperatures  a t  which pyro lys i s  
was occurr ing were s i g n i f i c a n t l y  overest imated by Kobayashi e t  al. (2), leading t o  
underest imat ion of t h e  k i n e t i c  ra tes .  

There a r e  o ther  da ta  which do not agree wi th  our r a t e s  and where two color  temperature 
measurements were made (20-22). These measurements suggest  a high s o l i d s  temperature. 
But these measurements may i n d i c a t e  the  temperature  of a hot  cloud of soot  surrounding 
the  p a r t i c l e  or hot  spots  on t h e  p a r t i c l e  sur face  and not r e f l e c t  t h e  temperature i n  
the  region of the  p a r t i c l e  where pyro lys i s  i s  occurring. It is a l s o  t r u e  t h a t  the  
assumption of constant  e m i s s i v i t y  used i n  i n t e r p r e t a t i o n  of two-color d a t a  can be 
erroneous i n  some cases  (13.14). 

Suuberg e t  a l .  (6) r e j e c t e d  t h e  low 

The g r i d  experiments  do n o t  provide s u f f i c i e n t  

The da ta  presented i n  t h i s  paper i n d i c a t e  t h a t  t h e  d i s t r i b u t e d  

ConcLusIon 

An experiment has been performed t o  determine pyro lys i s  r a t e s  f o r  a l i g n i t e  i n  which 
both the t r a n s i t  t i m e  and temperature  of p a r t i c l e s  have been measured. The measured 
r a t e  f o r  weight loss i s  g r e a t e r  than 100 sec-’ a t  8OOOC. 
r e i n t e r p r e t a t i o n  of heated gr id  d a t a  which have given r a t e s  much lower than t h i s  a t  
comparable temperatures. 
en t ra ined  f low reac tors  were due t o  heat  t r a n s f e r  l i m i t a t i o n s .  

The r e s u l t s  suggest  a 

The r e s u l t s  a l s o  suggest  t h a t  lower r a t e s  obtained i n  
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in a-c are from the Functional Group Model (8). 
a Single Rate F i r s t  Order Model. Lines i n  d-f are from a Heat Transfer Model. 
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The combustion of coa l  i s  prac t iced  widely throughout the  world. In the  
United S ta t e s  in 1982, f o r  example, almost 600 mi l l i on  tons of coa l  were burned f o r  
e l e c t r i c i t y  production (1). Nevertheless,  many fundamental aspec ts  of coal 
combustion a r e  not w e l l  understood. It has been e s t ab l i shed ,  however., t ha t  a t  
l e a s t  two genera l  processes occur during combustion: 
of the coa l  due t o  an  app l i ed  thermal s t r e s s  and heterogeneous combustion of t he  
remaining char according t o  carbon-oxygen reac t ions .  The r e l a t i v e  importance of 
each process t o  the  o v e r a l l  combustion of a p a r t i c u l a r  coa l  i s  not easy  t o  measure 
experimentally and i s  even more d i f f i c u l t  t o  pred ic t  a p r i o r i .  

pyro lys i s  or devo la t i l i za t ion  

In t he  sequence of events  t h a t  is coal  combustion, heterogeneous char 
combustion, which is usua l ly  r e fe r r ed  to  a s  char burnout,  necessa r i ly  occurs l a s t .  
This has lead  to  the  deduct ion  t h a t  t he  char burnout i s  the  r a t e  determining s t e p  
in the ove ra l l  process. This argument then provides t h a t  t o  burn coa l  more 
e f f ec t ive ly  and e f f i c i e n t l y ,  i t  is  necessary t o  understand the  mechanism, and 
thereby be ab le  t o  a f f e c t  the  r a t e  of the char-oxygen reac t ion .  

While it i s  t r u e  t h a t  t h e  r a t e  of r e l ease  and combustion of t h e  v o l a t i l e s  i n  
most p r a c t i c a l  systems a r e  f a s t  compared t o  the r a t e  of the C-O2 r eac t ions ,  the  
y i e ld  of v o l a t i l e s ,  which determines the  amount of char  which must be burned 
heterogeneously, is equa l ly  important i n  determining the  char burnout time. Hence, 
an a l t e r n a t i v e  t o  inc reas ing  t h e  r a t e  of t he  C-0 
required ex ten t  of t he  C-0 r eac t ion  by reducing the y i e ld  of char. Both aspec ts  
of the combustion of a range of coa ls  have been addressed i n  the  cu r ren t  p ro jec t ,  
but coverage in t h i s  paper is r e s t r i c t e d  t o  the p rope r t i e s  of l i g n i t e s  which a f f ec t  
t he  y ie ld  of v o l a t i l e s  and the  char r e a c t i v i t y ,  both of which may a f f e c t  the  
ove ra l l  combustion r a t e  of l i g n i t e s .  

r eac t ion  is t o  decrease the  2 

The heterogeneous r eac t ion  r a t e  of a coa l  char wi th  a r eac t an t  gas is 
influenced by such parameters a s  the inherent  char  r e a c t i v i t y ,  which is r e l a t ed  t o  
the  number of carbon a c t i v e  s i t e s ,  t he  r a t e  of t r anspor t  of t he  r eac t an t  gas t o  the 
ac t ive  sur face  a rea  and the presence of p o t e n t i a l l y  c a t a l y t i c  inorganic  species.  
Jenkins e t  a l .  (2,3) have shown t h a t  the a i r  r e a c t i v i t y  of coa l  chars is dependent 
upon the pyro lys i s  cond i t ions  under which the  chars  were prepared. As the seve r i ty  
of the pyro lys i s  condi t ions  was increased, the  number of carbon ac t ive  s i t e s  in the 
char was found t o  decrease ,  hence, t he  r e a c t i v i t y  decreased. In add i t ion ,  coa l  
char r e a c t i v i t y  was shown t o  be rank dependent; chars  produced from l i g n i t e s  being 
more r eac t ive  than those  from higher rank coals.  

The h igh  r e a c t i v i t y  of l i g n i t e  chars  has been a t t r i b u t e d ,  in p a r t ,  to t he  
Presence of ion  exchangeable ca t ion  on the  o r i g i n a l  coals.  These a r e  predominantly 
a l k a l i  and a lka l ine  e a r t h  metals ( 4 ) .  some of which a r e  exce l len t  c a t a l y s t s  f o r  the 
c-02 reac t ion  ( 5 , 6 ) .  
d i sc re t e  mineral  phases,  has been shown t o  increase  r e a c t i v i t y  (7 ) .  
t he  seve r i ty  of the  py ro lys i s  o r  reac t ion  condi t ions  inc reases ,  t he  metals lo se  
t h e i r  c a t a l y t i c  a c t i v i t y  due pr imar i ly  t o  a l o s s  of d i spe r s ion  v i a  s in t e r ing .  
occurs a s  t h e  holding t i m e  a t  temperature or t h e  reac t ion  temperature i t s e l f  

Thei r  presence on low rank coa l  chars,  a s  d i s t i n c t  from 
However, a s  

This 



increases (8). The objec t ive  of the cur ren t  work was t o  determine the  e f f e c t  of 
the presence of ca t ions ,  namely calcium and magnesium, on the  pyro lys i s  of a 
l i g n i t e  under combustion conditions and on the  subsequent r e a c t i v i t y  of p a r t i a l l y  
burned chars.  

Experimental 

The ion exchangeable ca t ions  on a Texas l i g n i t e ,  PSOC 623, were removed by 

De ta i l s  of the  
acid washing i n  0.04 N HC1. 
onto the  ac id  washed samples using 1 M metal ace t a t e  so lu t ions .  
exchange procedure have been out l ined  previously (9 ) .  
prepared samples were measured by atomic absorp t ion  spectrosopy. 

Alkaline e a r t h  meta ls ,  Ca and Mg, were back exchanged 

Cation conten ts  of the 

The raw and modified l i g n i t e  samples were pyrolyzed and p a r t i a l l y  combusted i n  
an entrained-flow reac to r  a t  an i n i t i a l  r eac to r  (gas  and wall)  temperature of 1173 
K. 
elsewhere (10). 

atmosphere a t  various residence times i n  the en t ra ined  flow reac tor  uszng a F isher  
Thermogravimetric Analyzer (Model 260 F). 
isothermally i n  a i r  a t  atmospheric pressure and a temperature of 533 K. 

A desc r ip t ion  of the r eac to r  and its mode of operation have been provided 

Reac t iv i ty  da ta  were generated on chars  produced under e i t h e r  a N or sir 

The r e a c t i v i t i e s  were obtained 

For these  condi t ions  and by using only 2 mg of char spread th in ly  on a P t  pan, 
heat and mass t r a n s f e r  e f f e c t s  should not mask the  reac t ion  r a t e .  Hence, the 
reported r e a c t i v i t i e s  a r e  believed to  be i n t r i n s i c ,  chemically cont ro l led  r a t e s .  
The gas i f i ca t ion  r e a c t i v i t i e s  a r e  taken from the maximum slope of the TGA recorder 
p lo t ,  normalized t o  the  i n i t i a l  weight of dry ash  f r ee  char.  

Results and Discussion 

The u l t imate  ana lys i s  of the  raw l i g n i t e  and the proximate ana lyses  of the raw 
and modified samples a re  shown i n  Table 1. The raw l i g n i t e  contained 1.8 w t X  
ca t ions  on a dry bas is ,  predominantly Ca (1.4%) and Mg (0.26%) with t r a c e  
quan t i t i e s  of Na. K ,  Ba and S r .  The acid washing reduced the ca t ion  conten t  t o  
l e s s  than 0.01 w t Z .  The two cation-loaded samples chosen f o r  comparison i n  the 
present study contained 1.9 w t %  Ca and 1.6 w t %  Mg. respec t ive ly .  

Weight Loss Rate Data 

Weight loss r a t e  d a t a  for pyrolys is  in N 2  and combustion i n  a i r  a t  1173 K a r e  

De ta i l s  of the  model f o r  p red ic t ing  
show i n  Figure 1 f o r  raw and ac id  washed l i g n i t e .  
loaded l i g n i t e  a r e  shown i n  Figure 2. 
residence times have been provded by Tsai and Scaroni (10). In add i t ion ,  an 
ana lys i s  i s  provided which es t imates  p a r t i c l e  and gas temperature excursions from 
the  i n i t i a l  furnace temperature of 1173 K due t o  the superimposit ion of endothermic 
hea ts  of pyro lys i s  and exothermic hea t s  of combustion. The essence of t he  ana lys i s  
is t ha t  the  l i g n i t e  p a r t i c l e s  a r e  being heated t o  the furnace (gas and ws l l )  
temperature for a t  l e a s t  0 . 1  s. Upon ign i t ion ,  p a r t i c l e  temperatures exceed gas 
temperatures for a shor t  period (< 0.1 8 )  by i n  excesa of 200 K. Hence, the  
weight loss r a t e  d a t a  i n  F igures  1 and 2 are f o r  nonisothermal py ro lys i s  and 
combustion f o r  about 0.15 8 .  

The same da ta  f o r  t he  Ca and Mg 

The d a t a  shown i n  Figures 1 and 2 have been discussed previously ( 9 )  and can 
be summarized as follows. 
evolution of v o l a t i l e s  during pyrolysis.  
secondary char forming r eac t ions  pr imar i ly  involving t a r s .  Such r eac t ions  a re  
catalyzed by Ca and Mg (11) .  

The presence of ion  exchangeable ca t ions  suppresses  the  
This i s  a t t r i b u t e d  t o  an increase  i n  

I n  an a i r  atmosphere, however, c a t a l y s i s  of  t h e  C-O2 
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reac t ion  by Ca f o r  a s h o r t  t i m e  increases  the weight l o s s  by the  Ca loaded l i g n i t e  
t o  above that  of the acid-washed sample. No such rap id  r a t e  of weight loss occurs  
f o r  t h e  Mg-loaded c o a l  s i n c e  Mg is not  a good c a t a l y s t  f o r  the C-0 
longer  res idence times, weight l o s s  r a t e s  a re  similar f o r  the r a w ,  acid-washed and 
Ca-loaded samples, and s i g h t l y  l a r g e r  f o r  the Mg loaded sample. This implies  t h a t  
c a t a l y s i s  of t he  C-O2 r e a c t i o n  is no longer  occurring. Loss of c a t a l y t i c  a c t i v i t y  
by C a  a t  high temperature  has been ascr ibed t o  loss of d ispers ion  due t o  s i n t e r i n g  
( 7 ) .  Hence, comparing the behavior of t he  raw and ac id  washed samples, the 
increased weight l o s s  due t o  shor t - l ived  but s i g n i f i c a n t  c a t a l y s i s  of t h e  C-0 
reac t ion  by the  presence of c a t i o n s  on the  raw l i g n i t e  simply compensates fo r  t h e  
reduced y ie ld  of v o l a t i l e s  because of t h e i r  presence. 

TGA Reac t iv i ty  Data 

reac t ion .  A t  2 

2 

Maximum r e a c t i v i t i e s  i n  a i r  a t  533 K of p a r t i a l l y  combusted chars  a r e  shown in 
Figure 3 a s  a func t ion  o f  weight l o s s  in the  en t ra ined  flow reac tor .  For each form 
of t h e  l i g n i t e ,  r e a c t i v i t i e s  decrease with increas ing  weight loss i n  t h e  r e a c t o r  up 
t o  about 85-90%. For h igher  weight l o s s e s ,  r e a c t i v i t i e s  a r e  low and approximately 
constant  a t  < 0.1 m g / m p  h. 
a c t i v e  s i t e s ,  whereas a cons tan t  r e a c t i v i t y  may i n d i c a t e  a constant  a c t i v e  s i t e  
concentrat ion o r  c o n t r o l  of t h e  reac t ion  r a t e  by oxygen d i f fus ion  t o  t h e  a c t i v e  
sur face  a r e a  though a n  a s h  b a r r i e r  formed from the mineral  matter i n  the  coal. 

A decreasing r e a c t i v i t y  i n d i c a t e s  a l o s s  of  carbon 

Maximum char  r e a c t i v i t i e s  a t  50, 75 and 90% weight l o s s  and the t i m e  required 
t o  reach each l e v e l  of  weight l o s s  f o r  the var ious ly  t rea ted  l i g n i t e s  are given i n  
Table  3. Note t h a t  50% weight l o s s  exceeds the l e v e l  reached by pyro lys i s  in N 
For res idence times less than 0.10-0.13 s,  r e a c t i v i t i e s  a t  each l eve l  of weight 
loss decrease in t he  o r d e r  Ca > Raw > Mg > acid-washed. This is i n  pccordance with 
the order  predicted by c a t a l y s i s  of t he  C-O2 reac t ion .  For res idence times g r e a t e r  
than 0.10-0.13 s ,  r e a c t i v i t i e s  a r e  low and approximately the same. This implies  an 
absence of s i g n i f i c a n t  c a t a l y s i s ,  possibly due t o  temperature induced s i n t e r i n g  of 
t he  metals. I g n i t i o n  of  the p a r t i c l e s  with a n  a t tendant  temperature increase  
occurs  within t h i s  t i m e  range. 

2' 

The s i g n i f i c a n c e  i n  r e l a t i n g  TGA r e a c t i v i t y  d a t a  t o  weight l o s s  in t he  
entrained f low reac tor  is seen by comparing t h e  d a t a  in Table 3 f o r  t h e  c a t i o n  
containing samples. A f t e r  a weight loss of SO%, r e a c t i v i t i e s  decrease in the order  
Ca > Raw > Mg while the  a d d i t i o n a l  t i m e  required t o  reach  90% weight l o s s  in the  
entrained flow r e a c t o r  i n c r e a s e s  i n  t h e  order  Ca < Raw < Mg. In t h i s  region of the 
weight l o s s  curve where heteogeneous char  combustion is occurr ing,  c a t a l y s i s  of the 
C-02 rezc t ion  may be important implying t h a t  chemical r e a c t i v i t y  c o n t r o l s  the 
weight loss r a t e .  Although d i f f e r e n t  condi t ions p r e v a i l ,  TGA da ta  may give a 
q u a l i t a t i v e  i n d i c a t i o n  of  behavior i n  t h i s  region. 
the da ta  f o r  the ac id  washed l i g n i t e  in t h i s  manner, however. Work is cont inuing 
t o  explain t h i s  apparent  anamoly. 

I t  is d i f f i c u l t  t o  i n t e r p r e t  

For res idence times g r e a t e r  than 0.13 s i n  t he  en t ra ined  low r e a c t o r ,  which 
correspond t o  weight losses i n  ex e s s  05 85-90%, weight l o s s  r a t e s  are low and 
approximately constant  a t  3.8x10-' g/cm s (expressed per u n i t  e x t e r n a l  sur face  
a rea ) .  
t he  weight loss curve. 
physical  r a t e  c o n t r o l  of  the reac t ion  mechanism (9). The TGA r e a c t i v i t y  d a t a  can 
now be used t o  help determine the reac t ion  Zone. 

There is no apparent  e f f e c t  of the presence of ca t ions  in t h i s  region of 
It h a s  been suggested previously t h a t  t h i s  may i n d i c a t e  

TG9 r e a c f i v i t i e s  a t  533 K f o r  these  chars  were approximately constant  a t  
6 ~ 1 x 1 0  
temperature of 1173 K using the  Zone I1 Activat ion Energy e f  2L.72kcal/mole as 
determined by Young ( 1 2 ) ,  produces a r e a c t i v i t y  of 4 .4~10-  

g/cm S.  Extrapola t ing  these  d a t a  t o  the  entrained-flow r e a c t o r  operat ing 

gmfcm s .  This is 
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3 
2 s imi l a r  t o  the experimentally measured r e a c t i v i t y  of 3.8~10-~ glcm s, and is 

considerably l e s s  than the  value ca lcu la ted  f o r  Zone I11 con t ro l ,  7.7~10-~ g/cm s. 

Arrhenius parameters a r e  cu r ren t ly  being generated i n  the TGA f o r  the C-O2 
reac t ions  appropr ia te . for  the cu r ren t  chars. This will e l imina te  the need t o  use 
Arrhenius parameters generated by others.  However, i f  rho d a t a  of Young a r e  
appropr ia te  f o r  use in t h i s  s i t u a t i o n ,  the impl ica t ion  is t ha t  the  same reac t ion  
zone does not e x i s t  in the  TGA and en t ra ined  flow reac to r ,  the  former being Zone I ,  
and the l a t t e r  Zone 11. 

summory 

TGA r e a c t i v i t y  da t a  of p a r t i a l l y  combusted chars  have been used t o  e luc ida te  
the  char burnout s t age  of pulverized coal combustion. The absence of a s ign i f i can t  
e f f e c t  of ca t ions  on char r e a c t i v i t y  a t  high l e v e l s  of burnoff implies the  absence 
of ca t a lys i s  of the  C-0 reac t ion .  This w a s  ascr ibed  t o  s i n t e r i n g  of the metal 
ca t ions  following ignitzon. The char p a r t i c l e s  then bum out slowly under Zone 11 
cont ro l ,  the chars  having r e l a t i v e l y  low inherent  r e a c t i v i t i e s .  
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Table 3 
TIME TO REACH AND MAXIMUM CHAR REACTIVITIES AT VARIOUS LEVELS OF 

WEIGHT LOSS IN ENTRAINED FLOW REACTOR AT 1173 K 
Weight Loss in  Entrained 

Flow Reactor at 1173 K 
Moximum Chor Reoctivity, mg/mg h (dol) 

(Time to reach weight loss, ms) 

Co-loaded Row Mg-looded Acid-woshed - - -  
50 2.1 0.8 0.6 0.4 

. (80) (65) (90) (50) 

75 1 .2 0.7 0.4 0.3 
(95)  (85) (125) (70) 

90 (0.1 co.1 a . 1  0.1 
(110) (145) (290) (1 40) 



0 0.06 0.12 0.18 0.24 0.30 

Figure 1. WEIGHT LOSS RATE IN AIR AND N2 FOR RAW (0,m) 
Residence Time, s 

AND ACID-WASHED (O,.) LIGNITE If4 ENTRAINED 
FLOW REACTOR AT 1173 K 

284 



I 
E 
P 

< 
/ 
\ 

I 
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Abstract  

O2 i s  known t o  be much more r e a c t i v e  then C02 toward carbon. We 
have separated and s tud ied  w i t h  sur face spectroscopies the  d i s s o c i a t i v e  
adsorpt ion s tep from t h e  CO format ion step i n  the O2 and C02 g a s i f i c a t i o n  o f  
g lassy carbon. The r e a c t i v e  adsorpt ion p r o b a b i l i t i e s  decreased w i th  increased 
coverage. A t  h igh  coverage the der ived a c t i v a t i o n  energy f o r  O2 d i s s o c i a t i o n  
was 33 kcal/mole and 50-60 kcal/mole f o r  C02. The CO formation 
creased from 90 kcal /mole a t  very low coverage t o  70 kcal/mole a t  h igh 
coverages. The steady s t a t e  oxygen coverage dur ing C02 g a s i f i c a t i o n  corres- 
ponded t o  these high coverages w i t h  a measured a c t i v a t i o n  energy o f  67 
kcal/mole. CO fo rma t ion  energet ics  l i m i t  t he  r a t e  o f  C02 g a s i f i c a t i o n .  The 
increased g a s i f i c a t i o n  a c t i v i t y  f o r  02 i s  associated w i t h  a more f a c i l e  
gaseous d i s s o c i a t i o n  s tep  causing h ighe r  oxygen coverages which i n  t u r n  
generates lower energy CD format ion s i t e s .  

I .  INTRODUCTION 

energy de- 

It i s  w ide ly  recognized t h a t  O2 has a much h igher  r e a c t i v i t y  than 
a2 toward carbon; t h i s  d i f f e r e n c e  has been k i n e t i c a l l y  q u a n t i f i e d  t o  be l o 5  
g rea te r  a t  800K and 0.1 atm pressure (1). 
di f ference the  responsib le  elementary processes on the carbon surface are n o t  
w e l l  understood. 
of very d i f f i c u l t  reac t i ons  t o  cha rac te r i ze  and quan t i f y .  G a s i f i c a t i o n  reac- 
t i o n s  are s e n s i t i v e  t o  the  t ype  o f  carbon being g a s i f i e d  (2).  A b e t t e r  under- ' 

standing o f  these systems could be achieved by d e t a i l e d  phys ica l  character iza-  
t i o n  of the ex te rna l  su r face  o f  a g iven carbon coupled t o  adsorpt ion and 
r e a c t i v i t y  s tud ies  o f  t he  reac tan t  gases (2 -4) .  The app l i ca t i on  o f  sur face 
s e n s i t i v e  probes t o  t h i s  area i s  an essen t ia l  component t o  approach t h e  
problem. These r e s u l t s  are used t o  i n t e r p r e t  observations o f  steady s t a t e  
r e a c t i v i t y .  

Despi te  t h i s  l a r g e  r e a c t i v i t y  

Ox ida t i on  and g a s i f i c a t i o n  react ions o f  carbon are a c lass  

11. EXPERIMENTAL 

Experiments were performed i n  an ultra-high-vacuum spectroscopy 
chamber w i t h  a base pressure lower than 2 x 10-l' Torr .  Auger e l e c t r o n  
spectroscopy (AES) was performed w i th  a double-pass c y l i n d r i c a l  m i r r o r  
analyzer us ing a 2.2 keV primary beam energy and 2V peak t o  peak vo l tage 
rnodul a t  i on. 
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The amount o f  oxygen was determined us ing AES. The o v e r a l l  ampl i -  
tude o f  t h e  dN(E)/dE oxygen (510 eV) t o  carbon (272 eV) was taken as the 
measure o f  oxygen sur face concentrat ion.  A l i n e a r  absolute coverage scale 
which corresponds t o  the AES O / C  r a t i o s  was p rev ious l y  est imated and used i n  
other  s tud ies on carbon surfaces (5-7). 
carbon atom eoxy en = e = 1 gives a AES O/C value o f  0.25. We w i l l  s e l f  
cons i s ten t l y  appqy t h i s  same coverage scale throughout the course o f  t h i s  
study. 

Atomergic Chemetals and were outgassed a t  130OOC i n  UW p r i o r  t o  use. The 
presence o f  small amounts o f  very s t rong ly  bound oxygen could be reduced 
f u r t h e r  by heat ing t o  h igher  temperatures, but  t h i s  d i d  not s i g n i f i c a n t l y  
e f fect  t h e  C02 and O2 chemistry a t  high oxygen coverages. 
the cha rac te r i za t i on  o f  the glassy carbon subst rates can be found elsewhere 
(6). This procedure removed oxygen which was the p r i n c i p a l  contaminant 
measured by AES. The i n i t i a l  AES carbon t o  oxygen r a t i o  was near 0.01. This 
represents a small amount o f  very s t rong ly  bound'oxygen. 

A coverage o f  one oxygen per  sur face 

The glassy carbon samples were cu t  from p la tes  obta ined from 

Fur ther  d e t a i l s  o f  

111. RESULTS 

We have character ized the  glassy carbon sur face us ing u l t r a v i o l e t  
photoemission spectroscopy f o l l o w i n g  oxygen uptake from O2 and C02 a t  300OC. 
Previous UPS studies o f  a tomica l l y  clean glassy carbon surfaces show enhanced 
e lec t ron  emission near the  Fermi l e v e l  (6) .  This i s  associated w i th  the 
presence o f  unsaturated sur face carbon valences, "dangl ing bonds". These 
l e v e l s  are removed upon chemical ly bonding t o  oxygen. Emission w i t h i n  3 eV o f  
t h e  Fermi l eve l  decreases on glassy carbon as these l e v e l s  become involved i n  
bonding t o  oxygen (6) .  The emission from oxygen 2p l e v e l s  was found between 
-4 and -11 eV f o l l o w i n g  exposure t o  e i t h e r  0 o r  C02. 
i d e n t i f i e d  w i t h  molecular ly  adsorbed 02 o r  C62 were absent. The s i m i l a r i t y  
between 02 and C02 suggest t h a t  t h e  d i s s o c i a t i o n  o f  CO? g ives r i s e  t o  sur face 
oxygen and gaseous CO at  300OC. 
C02 d i s s o c i a t i o n  predominates under our cond i t i ons  i n  these adsorpt ion 
systems. 
based on thermal desorpt ion and isotope l a b e l i n g  s tud ies (8). 

O ( 1 s )  XPS s ignals  f o l l o w i n g  300'C ox ida t i on  by O2 and cD2 showed a peak a t  532 
eV b ind ing  energy. The carbon (1s) peak f o r  clean glassy carbon occurred a t  
284.2 eV. Fol lowing oxygen uptake from e i t h e r  O2 o r  C02. t h e r e  was a s l i g h t  
increase i n  emission at  lower b ind ing  energies. The carbon (1s) peak d id  not, 
however, possess a 288.5 eV b ind ing  energy component which i s  associated w i t h  
carbon coordinated t o  m u l t i p l e  oxygen atoms as i n  a ca rboxy l i c  f u n c t i o n a l i t y  
(9-12). These r e s u l t s  a l so  i n d i c a t e  t h a t  s i m i l a r  oxygen f u n c t i o n a l i t i e s  were 
produced by CO2 and O2 a t  3OO0C, and these are l i k e l y  t o  be surface carbon 
atoms coordinated t o  one oxygen. 

Features which could be 

UPS thus gives us an i n d i c a t i o n  t h a t  O2 and 

This agrees w i t h  the conclusion reached f o r  O2 adsorpt ion on graphon 

XPS was a l so  used t o  cha rac te r i ze  the ox id ized carbon surface. The 
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We have measured the  increase i n  the  oxygen AES s igna l  f o l l ow ing  C02 
We used a maximum temperature o f  3OOOC i n  order t o  and r+ exposures a t  30OoC. 

achieve high oxygen sur face  coverages but also t o  l i m i t  compl icat ions i n t r o -  
duced by i n  s i t u  g a s i f i c a t i o n  o f  carbon (13). 
generated fran O2 and C02 corresponded t o  Bo= 0.85 and 0.45 respec t ive ly .  
adsorpt ion processes were placed i n  q u a n t i t a t i v e  terms. 
reac t i ve  adsorpt ion as a f u n c t i o n  o f  t he  amount o f  oxygen already present was 
obtained from t h e  incremental changes o f  oxygen coverage w i th  the  i n t e r v a l  of 
exposure t o  e i t h e r  CU2 or  O2 a t  300OC. 
inc reas ing  i n t e r v a l s  o f  one decade o f  exposure. F igure  1 shows these r e s u l t s  
on glassy carbon as a func t i on  o f  oxgyen coverage. The adsorpt ion process i s  
charac ter ized  by r e l a t i v e l y  rap id  i n i t i a l  uptake on t h e  order o f  e f f i c i e n c y  
f o r  both gases up t o  approximately eo = 0.1 oxygen coverage. 
coverage, there  i s  a rap id  decrease t o  10-l'. 
increase the  oxygen covera e 
coverage from 10-l' t o  10-q2'from e = 0.25 t o  eo = 0.85. A t  h igher  coverages 
t h e  behavior o f  O2 and C02 begin t o  depart. 
oxygen which cou ld  be deposi ted under these cond i t ions .  
c o e f f i c i e n t  f o r  C02 was more r a p i d  w i th  coverage and decreased t o  below 
near ha1 f monolayer coverage. 
f o r  C02 at  h igher  coverages, bu t  we were unable t o  measure slower processes. 

bon fo l l ow ing  O2 and CO2 ox ida t i on  a t  300'C. 
oxygen concent ra t ion  remains near ly  constant up t o  6OO0C i n  both cases. 
Between 600 - 7OO0C,  t h e  surface oxygen coverage begins t o  decrease f o r  the  O 2  
ox id ized  surface, y e t  f o r  C02 t h e  coverage s t i l l  remains almost constant. 
Above 6OOOC CO was the  dominant desorpt ion product. Above 8OOOC there  were 
s i m i l a r  reduct ions i n  oxygen coverage i n  both cases. CO evolves from the  
surface over a very wide range o f  temperature. 

oxygen coverage w i t h  t i m e  dur ing  heat ing i n  UHV by assuming f i r s t  order 
k i n e t i c s  and a frequency f a c t o r  o f  This formal ism provides a framework 
t o  est imate the  desorp t ion  energy. The r e s u l t s  are shown i n  F igure  3. They 
a re  p l o t t e d  as a f u n c t i o n  o f  oxygen coverage based on t h e  comnon AES coverage 
scale as prev ious ly  de f ined.  The oxygen coverage dependency o f  the  format ion 
energy i s  s i m i l a r  f o r  t h e  surface oxgyen der ived  from O2 and CO 
A t  l o w  oxygen coverages, Bo = 0.25, t he  energy decreases from 65 t o  80 
kcal /mole.  The fo rmat ion  energy exh ib i t ed  much smal l e r  changes w i t h  coverage 
a t  the higher coverages. 0 adsorpt ion produced higher oxygen coverages. The 
energy ranged between 80 - $0 kcal/mole between eo = 0.25 t o  0.85. C02 
coverage was l i m i t e d  t o  eo = 0.4 but between eo = 0.25 , and 0.4 the  energies 
were s i m i l a r  as w i t h  02. The CO format ion energy decreases w i t h  inc reas ing  
oxygen coverage. 

The maximum oxygen coverages 
The 

The e f f i c i e n c y  o f  

The e f f i c i e n c i e s  were ca l cu la ted  f o r  

Above t h i s  
Fur ther  exposure t o  02 w i l l  

The adsorpt ion c o e f f i c i e n t  dec l ines  w i t h  

0 COq was l i m i t e d  i n  the  amount of 
The d e c l i n e  i n  the  

Presumably, t he  c o e f f i c i e n t  dec l ines  f u r t h e r  

The AES oxygen thermal s t a b i l i t y  p r o f i l e  was measured on glassy car -  
Fioure 2 shows t h a t  the surface 

The CO fo rmat ion  energies were determined from the  r a t e  o f  change o f  

adsorption. 
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I V .  DISCUSSION 

The adsorpt ion o f  Oz, and c02 on glassy carbon surfaces were 
examined using AES. 
prev ious ly  outgassed i n  UHV a t  elevated temperature and character ized w i t h  
surface sens i t i ve  techniques. I n  t h i s  way we were able t o  d i r e c t l y  compare 
two gases which have w ide ly  d i f f e r e n t  g a s i f i c a t i o n  a c t i v i t i e s .  

There have been few adsorpt ion s tud ies on wel l -character ized,  c lean 
carbon surfaces. O r i g i n a l  s tud ies o f  oxygen adsorpt ion on clean “pa rac rys ta l -  
l i n e ”  carbon (15) and sputter-damaged g raph i te  surfaces (16) have shown com- 
p lex  adsorpt ion behavior. The r a t e  o f  uptake was cha rac te r i zed  by coverage 
regions having a l i n e a r  dependence w i t h  the  l o g  o f  exposure. This was i n t e r -  
preted as evidence f o r  many d i s c r e t e  types o f  adsorpt ion s i t e s .  It i s  be- 
l i e v e d  tha t  d i f f e r e n t  oxygen adsorption s i t e s  e x i s t  on carbons w i t h  d i f f e r e n t  
thermal s t a b i l i t i e s  (2). Unfor tunate ly  these e a r l y  s tud ies  d i d  not  r e l a t e  
adsorpt ion t o  subsequent r e a c t i v i t y .  A more recent study o f  O2 on the edge 
surface o f  g raph i te  has shown a s t rong oxygen coverage dependence on the  
reac t i ve  adsorption e f f i c i e n c y  (7) s i m i l a r  t o  these o r i g i n a l  s tud ies even 
though the edge sur face o f  g raph i te  has a l i m i t e d  amount o f  s i t e  heterogeni ty  
(14). 
energet ics  o f  product formation. The values t h a t  were obta ined on t h e  edge 
graphi te  surface were dependent on the oxygen coverage (10). 
s t a b i l i t y  o f  oxygen on carbon f o r  a given s i t e  i s  then s e n s i t i v e  t o  t h e  amount 
o f  nearby oxygen a l ready present. I n  t h i s  study we have compared the ra te  o f  
oxygen uptake from O2 and C02 a t  3OOOC on glassy carbon and have measured the  
thermal s t a b i l i t i e s  o f  the r e s u l t a n t  ox id ized surfaces. 

The study was r e s t r i c t e d  t o  carbon surfaces t h a t  had been 

Corro la ted thermal s t a b i l i t y  s tud ies o f  oxygen enabled estimates. o f  t he  

The thermal 

The maximum oxygen uptake from O2 a t  300°C on g lassy carbon repre- 
sented adsorpt ion over a m a j o r i t y  o f  the surface. A h igh  absolute oxygen 
coverage was achieved. 
edge surface of g raph i te  3OOOC (7) as on the  glassy carbon samples. The 
s i m i l a r i t y  o f  the h igh  coverage oxygen chemisorption r e s u l t s  on t h e  edge 
surface o f  g raph i te  and glassy carbon i s  an i n d i c a t i o n  t h a t  the s i t e s  on the  
l e s s  ordered carbon sur face are a c t u a l l y  chemical ly  very  c lose  t o  those on t h e  
edge g raph i te  surface. Although phys i ca l l y  these surfaces are very d i f f e r e n t ,  
m ic roscop ica l l y  t h e i r  behavior i s  much the  same. 

cond i t i ons  the  absolute oxygen coverage reached near l y  a monolayer us ing O2 a t  
300OC. Exposure t o  C02 under the same cond i t i ons  resu l ted  i n  oxygen uptake 
on ly  t o  one h a l f  monolayer coverage. Herein l i e s  a s i g n i f i c a n t  d i f f e r e n c e  
between Oz and CO2 r e a c t i v e  chemisorption a t  300°C. 
small number o f  very a c t i v e  s i t es ,  t he  adsorpt ion e f f i c i e n c y  o f  c02 and O2 i s  
approximately IO-”. 
coverages. The e f f i c i e n c y  drops t o  
oxygen coverage can be achieved. The adsorpt ion e f f i c i e n c y  must drop many 
more orders o f  magnitude f o r  C02 a t  h igher  oxygen coverage. 

We observed a s i m i l a r  pa t te rn  o f  oxygen uptake on the  

Di f ferences e x i s t  between O2 and C02 uptake a t  300’C. Under our  

A f t e r  sa tu ra t i on  o f  t he  

02 i s  able t o  sus ta in  t h i s  e f f i c i e n c y  t o  h igh  
f o r  CD2 before a h a l f  monolayer 
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The thermal s t a b i l i t y  s tud ies  i n  UHV f o r  the  resu l tan t  3OO0C o x i -  
d ized surfaces y i e l d e d  est imates f o r  t h e  energet ics  o f  product format ion.  The 
energet ics a re  r e l a t e d  t o  the  absolute oxygen surface coverage. The energies 
are  s i m i l a r  a t  cons tan t  absolute oxygen coverage f o r  oxygen generated from 
e i t h e r  O2 o r  C02. 
f r o m  75 kcal/mole a t  e = 0.4 t o  95 kcal/mole a t  eo= 0.05 coverage. 
condi t ions,  O2 i s  capagle o f  generat ing higher oxygen coverages, and the  CO 
fo rmat ion  energy decreases t o  70 kcal /mole a t  t h e  h ighes t  coverage. 

l a r g e  heats o f  adsorp t ion  and low adsorp t ion  e f f i c i e n c i e s  (10-l' imply 
a subs tan t ia l  energy b a r r i e r  f o r  adsorpt ion.  We can est imate the  b a r r i e r s  f o r  
adsorp t ion  f o r  C02 and O2 a t  several  oxygen coverages by assuming a Boltzman 
energy d i s t r i b u t i o n  and the  temperature o f  the  gas equal t o  the surface 
temperature. 
for  O2 and CO r e s p e c t i v e l y .  A t  eo = 0.4 we f i n d  t h a t  the  b a r r i e r  increases 
t o  25 kcal/mofe f o r  02 and 35 kcal/mole f o r  C02. 
increases t o  33 kcal /mole f o r  02. The value f o r  C02 must be s u b s t a n t i a l l y  
g rea ter  a t  t h i s  h igh  oxygen coverage. Estimates based on adsorp t ion  
e f f i c i e n c i e s  a t  h igher  surface temperatures o f  C02 exposure as we l l  as ex t ra -  
po la t i on  o f  t he  e f f i c i e n c i e s  a t  3OOOC t o  Bo = 0.9 y i e l d  b a r r i e r s  i n  the  range 
of 50 - 60 kcal/mole. Marsh has used an energy-react ion coordinate diagram t o  
help i l l u s t r a t e  t h e  k i n e t i c s  o f  adsorpt ion and CO format ion (2). We have been 
able t o  quant i f y  p a r t s  o f  t h i s  diagram which we j u s t  descr ibed and are a lso  

The energies increase w i t h  decreasing oxygen coverage going 
Under our 

The adsorbed oxygen species are  s t rong ly  bound. The observat ion of 

A t  Oo = 0.1 t h i s  y i e l d s  a b a r r i e r  he igh t  o f  13 and 15 kcal/mole 

A t  Oo = 0.9 the  value 

i l l u s t r a t e d  i n  F igure  5 f o r  the  reac t ion  o f  g lassy carbon w i th  c02 and O2 t o  
form co. 

Higher oxygen concent ra t ions  can be developed (13) by o x i d a t i o n  o f  
carbon w i t h  O2 above 4OOOC but t h i s  leads t o  i n  s i t u  g a s i f i c a t i o n  and compli- 
cates t h e  react ion-energy coord ina te  diagram. We have observed CO and C02 as 
gaseous products d u r i n g  thermal desorpt ion o f  g lassy carbon ox id ized  above 
4OOOC i n  02. Some 
carboxy l i c  groups may be produced by O2 a t  very high oxygen coverages. 
Studies (17) o f  n i t r i c  ac id  ox id ized  glassy carbon i n d i c a t e  t h a t  C02 can be 
produced from decomposition o f  c a r b o x y l i c  oxygen f u n c t i o n a l i t i e s .  The decom- 
p o s i t i o n  o f  sur face  c a r b o x y l i c  groups t o  form C02 w i l l  compl icate t h e  02 
reac t ion  w i t h  carbon. Another poss ib le  rou te  a t  h igh oxygen coverages i s  t he  
format ion o f  CO w i t h  consecut ive ox ida t i on  by surface oxygen t o  COP. Indica- 
t i ons  are  t h a t  fo rmat ion  energy f o r  CO dec l ines  f u r t h e r  below 70 kcal /mole a t  
very h igh  oxygen coverages (7) but  C02 e v e n t u a l l y  becomes a compet i t i ve  reac- 
t i o n  route.  We have minimized the  compl icat ions o f  COP format ion from O2 
ox ida t i on  i n  our s t u d i e s  by l i m i t i n g  the  concent ra t ion  o f  surface oxygen. 

A c t i v a t i o n  energy f o r  t he  O2 adsorp t ion  step has been est imated a t  
h igher temperatures and presumably h igher  coverages and tends t o  h igher  
values. Lussow e t  a l .  (13) repo r t  an a c t i v a t i o n  energy o f  29 kcal /mole fo r  02 
adsorp t ion  between 45OoC and 675OC. In carbon g a s i f i c a t i o n  s t u  
near 38 kcal /mole has been repor ted  f o r  t he  O2 adsorp t ion  step. 

There a re  several  poss ib le  o r i g i n s  f o r  c02 product ion.  
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r e s u l t s  a t  lower coverages show t h a t  t he  b a r r i e r  f o r  adsorption i s  greater  f o r  
C02 than f o r  O2 a t  a g iven oxygen sur face coverage and t h a t  t he  b a r r i e r  i n -  
creases f o r  both gases as the  oxygen coverage increases. The values repor ted 
f o r  02 a t  high temperatures are o f  the same order t h a t  we f i n d  a t  h igh  oxygen 
coverages i n  our studies. 

The d i f f e rences  i n  adsorpt ion behavior o f  CU2 and 02.af h igh  oxygen 
coverages must be r e l a t e d  t o  the much greater  g a s i f i c a t i o n  a c t i v i t y  f o r  02. 
Our data suggest t h a t  C02 and O2 produce s i m i l a r  k inds o f  adsorbed oxygen 
species a t  low and medim coverages. This i s  most l i k e l y  carbonyl type oxygen 
f u n c t i o n a l i t y ,  carbon which i s  coordinated t o  one oxygen. 
t h i s  k ind  o f  oxygen i s  dependent on the  amount a l ready present. 
i n t e r p r e t e d  as oxygen bound t o  one carbon having t h e  a b i l i t y  t o  modify t h e  
energet ics  o f  the i n t e r a c t i o n  o f  ne ighbor ing f r e e  carbon s i t e s  w i t h  oxygen and 
C02. 
02. 
oxygen coverage, wh i l e  the  s t a b i l i t y  o f  the adsorbate decreases and gas i f i ca -  
t i o n  t o  CU becomes more f a c i l e .  The observations suggest t ha t  the energy 
b a r r i e r  f o r  oxygen adsorpt ion from 0 2. 
which have lower subsequent CO format ion energet ics .  A t  high oxygen 
coverages, the magnitude o f  t he  adsorpt ion b a r r i e r  increases w h i l e  t h e  ener- 
g e t i c s  o f  gaseous product format ion dec l ines.  
r e a c t i o n  temperature a steady s t a t e  s i t u a t i o n  w i l l  develop. A t  h ighe r  tem- 
peratures the reac t i on  coord inate energy diagram i s  thought t o  be one w i t h  a 
g rea te r  b a r r i e r  f o r  gas d i s s o c i a t i o n  bu t  a lower b a r r i e r  f o r  gaseous forma- 
t i o n .  The k i n e t i c s  o f  C02 g a s i f i c a t i o n  o f  glassy carbon has been measured 
near atmospheric pressure above 650OC. 
ca t ion  was 67 kcal/mole (20). There i s  a correspondence between t h i s  value 
and the CO format ion energet ics  t h a t  we observe a t  h igh  oxygen coverages. 
a d d i t i o n  the oxygen coverages determined by AES f o l l o w i n g  C02 g a s i f i c a t i o n  are 
a l s o  comparable. 
du r ing  C02 g a s i f i c a t i o n  i s  c lose t o  t h a t  found f o r  the highest oxygen 
coverages i n  t h i s  study. On the  other  hand greater  oxygen concentrat ion are 
developed w i t h  02. 
t i o n  condi t ions w i l l  be d i f f e r e n t  and from our  est imates i t  w i l l  be substan- 
t i a l l y  lower f o r  02. 
w i t h  a more f a c i l e  gaseous d i s s o c i a t i o n  s tep a t  h igh oxygen coverages which 
generates lower CO formation energy s i t e s .  

The s t a b i l i t y  of 
Th is  can be 

A t  h igher  coverages, t he re  are pronounced d i f f e rences  between CU2 and 
The adsorption b a r r i e r  f o r  C02 r e l a t i v e  t o  O2 increases w i t h  i nc reas ing  

i s  much lower than f o r  CD2 f o r  s i t e s  

For both C02 and 02 a t  a given 

The a c t i v a t i o n  energy f o r  Cop g a s i f i -  

I n  

These r e s u l t s  imply t h a t  t h e  steady s t a t e  sur face s i t u a t i o n  

The energet ics  o f  C02 and O2 d i ssoc ia t i on  under g a s i f i c a -  

The increased g a s i f i c a t i o n  a c t i v i t y  f o r  02 i s  associated 
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TRANSIENT KINETIC STUDIES OF CHAR REACTIONS: 
WSIFICATION IN STEAM-ARBON RIXTURES 

J.H. b l o .  R. Banspathi. and S.E. Ellison 

Division of Engineering 
B r m n  University 

Providence. R I  02912 

I. NTRODUC TION. 
In our laboratory we hWe bam engaped in  the stuW of the gasification behavior of chars uslng 

a transient kinetic approach. Previous work [ 1,21 concentrated on the development of the 
experimental techniques and carbon dioxide gasification. In the current communication we 
present m e  of our most recent data on the kinetic behavior of char gesifiwtion in  steam-arpon 
mixtures, and in  so Qing attempt to point out sume of the significant advantages of transient 
techniques in studying the r m t i v e  behavior of chars, and in obtaining fundamental data. 

The basis for this approach lies i n  the observation that the transient response of a reaction 
system to a perturbation in  one or more of its state variables exhibits certain characteristics 
which are reflective of the "true" nature of the reaction mechanism under the appropriate 
experimental conditions. In comparison, stmttpstate rate measurements reveal relatively little 
concerning the detaikl sequence of elementary steps that constitutes the "intrinsic" reaction 
mechanism. Thus, transient response data am be used in a qualitative sense to discriminate 
mnong competitive kinetic models. In addition, once an appropriate kinetic model has been 
identified, quantitative analysis of the translent data, uslng multiparameter estimation 
techniques, yields the model parameters. Moreover, the steady-state data, obtained at the end of 
e& transient experiment, are availableas well. The overall result of this approech is a more 
robust model of the reaction system under investipation. 

II. m M E N T &  
A simplified schematic of the transient kinetic apparatus that WBS developed for thecurrent 

experimental applications is  presented in Figure 1. This system consists primarily of: ( I a 
WntinUOuSpes flow. fixed solids, Berty-type gradientless, isuthermal reactor for carrying out 
thereaction under well-mixed conditions; (2) a solenoid/ control valve network for generating 
step function chanpes i n  feed composition; (3) a modulated, supersonic molecular beam mass 
spectrometer for monitoring the transient response of the composition of the gas phase at the 
reactor effluent; and (4) automated data logging and mass programming of the mass 
spectrometer utilizing a PDP 1 1/34-IBM 7406 devicecoupler combination. Additional system 
details and data on system performance establishing the "gradientless" nature of the reactor with 
respect to gas phese mixing and interphase heat and mass transport have been fully documented 
andarewallableelsewhere [3,4]. 

For the steam-argon gasification studies reported on here, an important modification to the 
original apparatus involved the addition of a steam generation system end a condenser/gas-liquid 
separator. The steam generator, which appears in schematic in  Figure 1 , consisted of a stainless 
steel cylindrical reservoir for feed water end a high temperature evaporator. From tho 
reservoir. the liquid water w8s metered into an argon carrier stream. The water fp rate was 
measured with a digital flowmeter (American Flow Systems AQ 300; up to 20 cm /min). T h e  
combined water/argon flow WBS fed to an electric resistance-heated evaporator which produced 
WrJerheated steam at the local thermodynamic conditions. All the upstream lines were heated and 
insulated to prevent steam condensation. 

Various experimental considerations dictated that it was not desirable to attempt to maintain 
steam i n  the vapor phase downstream of the reactor up to the mass Spectrometer sampling point. 
This would have involved heating snd insulating the downstream lines, the adoption of another 
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method of flow rate measurement than the rotameters used i n  our previous studies, and would 
have Created sampling problems due to the high fraction of water vapor expanding through the 
mmpling Orifice and condensing due to adiabatic ml ing .  Instead, therefore, i t was decided to 
remwe the bulk of the water immediately downstream of the reactor. This was acwmplished 
using a specially-developed condenser. Insofar as the transient nature of the experiments is 
CmCerned, the introduction of any volume in the flow circuit of a magnitude comparable to that 
Of the reactor would introduce an undesirable lag time in the system response, which if to0 large 
would tend to obfuscate the lntrinsic transient response of the reactor. In addition, from an 
OPeratiOnal viewpoint it was essential to have whatever time lag that was ultimately introduced 
be invariant with theamount of collected liquid water in the condensate rm ive r .  Of course, this 
m l d  be mmpl ished by continuous removal of condensate; but this approach quickly leads to u 
Complex control problem. Therefore, a simpler alternative apprmh was adopted. A baffle Plate 
was installed at the bottom of the inlet dip tube to the condenser with circumferential slots for 
gas and condensate flow. In this manner, condensate could accumulate in  the lower volume of the 
condenser, but the noncondensable fraction of the gas flow effectively "short-circuits" the 
condenser, immediately flowing to the outlet located in proximity, and thereby minimizing the 
imp& lag time. The effect of the condenser on the system transient response was measured by 
monitoring the exponential rise of an argon signal in  the reactor effluent upon instantaneously 
switching this gas to the reactor feed line. Without the condenser in the flow circuit i t  was 
found, as previously 121, that the intrinsic time delay of the system was about 2 s. The effect o f  
the condenser was the introductlon of an additional additlve lag time of 4 s, thereby making the 
new total system lag time about 6 s, which was found to be invariant with the liquid water level 
in the condensate receiver. This lag t ime proved to be of no practical consequence in the analysis 
of the data. 

III.EXPERlMENTALPROCEDURES. 
The two gas phme product species that were monitored with the molecular beam ma55 

spectrometer during the courst of the transient experiments were CO (m/e=28) and H2 
(m/e=2). Automatic mass programming allowed alternate monitoring of these two species at a 
sampling frequency of about 1 Hz (0.5 Hz each), which was sufficient for the experiments 
conducted. (It is noted that the limiting factor in  the current configuartion i s  not the m s s  
programming, but rather the characteristic time of the lock-in amplifier which was used to  
extract the modulated portion of the signals.) Water, although also present in the sampled 
product gas, wts not monitored, since the m/e= 18 signal simply corresponded to the saturation 
vapor pressure of water at r a m  temperature, the bulk of the water having been removed 
upstream in the condenser. 

Since al l  the species of interest here are also normally present in  the background of theoil 
diffusion-pumped maSS spectrometer vacuum envelope, to a greater or lesser degree, it was 
important to insure that the mass  spectrometer signals corresponded to the instantaneous 
composition of the gas pha-sa at the sampling orifice, and were not being influenced primarily by 
the background. A modulated beam technlque was employed for thls purpose. The w at the 
sampling point was expanded through a 25 flm diameter orifice into the f i rst  st of a 
two-stage, differentially pumped vacuum system. In this stage (maintained ea. IxlO-Ttorr) 
the expansion was cored by a 200 pm diameter, 60° conical skimmer, and admitted into the 
second, mass spectrometer stage (maintained ca. S X ~ O - ~  torr). In this stage the beam was 
mechanically modulated with a 200Hz tuning fork chopper, and then passed through the ion 
source of the quadrupole mas  spectrometer. The signal for each mass peak was then processed 
through a lock-in amplifier which extracted the rms value of the 200 Hz modulated signal only, 
thereby discriminating against the background contribution to the total signal. Mass 
discrimination in  the satnpled flow due to the jet expansion was found to be small [31, most 
probably due to sampling Into the second stage while the beam was st i l l  relatively 
under -expanded. 
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in order to insure that the CO end H2 signals observed with the mass spectrwneter could be 
entirely attributed to the steam-carbon reaction m r r i n g  within the reactor, a series of 
"blank" transient experiments WBS performed using steam-argan mixtures with non-pM.ous 
glass beeds in  the solids basket in lleu of char. Two different reactor space times, I 2  s and 18 s, 
were used. For each space time, experiments were performed at total pressures of 1 .O, 1.3, end 
2.0 MPa, and steam contents by volume of the steam-argon feed mixture of 50 and 70%. The 
char bed temperature in a l l  c~ses WBS about 740 %. No significant trace of either species.was 
observed under these conditions. Thus, it was concluded that the CO and H2 observed during the 
mrsa of the transient gasification experiments originated from the stem-carbon reaction. 

Another experimental wncern related to the gas phase composition involved the water-gas 
shift reaction. This reaction i s  exothermic and thermodynamically fwored under conditions of 
high steam partial pressure in the presence of CO to produce CO2 and H Z  It has been reported 
that this reaction i s  approximately at equilibrium at temperatures of 800% and above in  coal 
gasification systems [SI. However, i t  can be kinetically limited and, therefore, rather slow. 
unless it i s  appreciably catalyzed by impurities in the char. insofar BS the current experiments 
are concerned, its relative importance can be readily essessed by monitoring COP. Although we 
examined the m/e=44 signal during the m u r s  of our scoping studies, no appreciable modulated 
signal was observed. Thus, under the current experimental conditions, the practical effects of 
this reaction seem to be minimal. 

Transient experiments were conducted by first establishing the reactor temperature and 
pressure under a continuous pure argon purge. The flowrates of the pure argon purge and 
steam-argon reactive mixture were matched using the upstreem end dmvnstream control valve 
system (cf. Figure 1) such that the space time of the reactor remained constant 
mndltions upon switching the two flows. (In order to m m p l i s h  this, the measured Iiquld water 
flowrate was converted to equivalent steam flowrate at reactor conditions.) A l l  these operations 
were mmpl ished without exposing the char to the steam-argon mixture by alternate switching 
between the purge and bypass lines. (The pressure drop m o s s  the reector is  negligible in 
comparison to that imp& by the solenoid/mntrot valve system, and thus the open bypass line 
adequately models the reactor flow resistance.) Once the pressure, temperature, and flWr8tB 
were set in the preceding manner, the transient experiment was initiated by activating the 
solenoid valve system to switch between the two flows. Pre-set mas programming and 
automated data logging were initlated simultaneously with the inception of the experiment. 

IV.KINETICMODELING. 
Various models have been proposed for the steam-carbon gwification system (e.g., see 

[6-101). In the current studies, however, the mmplexity of the kinetic model required to 
explain the steam-char reaction was limited by the experimental conditions selected; i.e.. only 
pure shm-argon feeds were used. Furthermore, for reactor space times of 12 to 18 s, the 
Steam conversion never exceeded 10%. In addition, no significant amounts of methane or CO2 
were detected for the pressure and temperature ranges used. Under these conditions, the 
fOllOWing mechanism was found to incorporate the basic features common to most of the models 
in the literature, end WBS found to suitably explain all the current dais: 

C, + H20 <==> C(H20) 
k l  

k- 1 

(R.11 

k2 

k3  
C(0) - - -> CO + cf 

C(H2O) + Cf ---> C(0) + C( H2) jR.21 

iR.31 

2 9% 



iR.41 

This mechanism is  basically that of Curran et al. [ 101, except that reactions [R.21-[R.41 are 
treated as irreversible; the latter two by virtue of the relatively low amounts of CO and H2 
Produced in the reactor. Althouph this Bssumption Seems to be quite gaod a m f o r  CO. it,has 
been noted that under &@-state conditions, H2 significantly inhibits the stmm-char 
reaction, with a resultant multiplicative factor in  the denominator of the 
Langmuir-Hinshelwd s tw-s ta te  specific gasification rate expression of almost an order of 
magnitude greater than that for steam (e.g.. see [6,81). However, under the current transient 
experimental conditions with initially no H2 in the reactor, and eventually very low amounts 
even at pseudo-steady-state, the sensitivity of the transient data to the rate of  the reverse of 
reection (R.41 seamed to be relatively low. Therefore, i t WBS omitted from thecurrent enalysis 
on these grounds. It i s  noted. however. that i t i s  certainly possible to determine this rate 
constant with the current techniques using either pure or high partial pressure H2 feeds. 

All the basic mechanisms represented in  the literature employ a step like reaction [R. 11 (Le., 
steem adsorption); however, there is  e range of treatment on subsequent details and 
rate-limiting steps. For example, Oadsby et ai. [61 assumed e n t i a l l y  instantaneous 
decomposition of the carbon-steam surface complex to  tpsmus CO and H2. Ergun [ 1 11 and 
Strickland-anstable [ 121 suggested this mechanism far H2, but postulated a surface 
carbon-oxygen complex with an appreciable lifetime that eventually decomposes to yield gaseous 
CO. Long and Sykes [71 and B leckwd and McOrory (81 proposed decompmition to dual-site 
hydroxyl and hydrogen atom surface mmplexes simultaneously with steam sdsorption ( Le., fast 
equilibration), followed by irreversible rearrangement to carbon-oxygen and carbon-hydrogen 
surface complexes. These differences are relatively indistinguishable from each other in  the 
current data. Therefore, the combination of reactions [ R . l I  and [R.21 were selected as being 
most generally representative. 

Once the model has been defined, the approach becomes quite similar to other general 
treatments of "lumped" transient kinetic models that have been presented in  the literature 
(e.g.,see[13,14]), andtoour previousC02gasificationwork [ 1,2]. 1heuseofa"gradientless" 
reactor guarantees that the resultant mess balances are always ordinary differential equations 
(i.e., "lumped" parameter systems), although, as i n  the current case, the/ may be nonlinear. 
Baslcally, the transient continuity expressions for the various species involved in  the r a t i o n  
system, incorporating the rate expressions derived from the kinetic mechanism, comprise the 
set of ordinary differential equations which defines the model of the system. 

Formulated in  this fashion, the model employed to analyze our steam gasification data 
consisted of w e n  first order differential equations with a total of six parameters: Cso (the 
"effective" concentration of active sites; g mol/g mol carbon), k l  , k- k2, k3, and k4. The 
resultant system of equations is omitted from the current communication for the sake of brevity. 
Its derivation is relatively straightforward and is  presented in  reference [41. 

V.PBAUiIBESTIMATION. 
The multiparameter estimation algorithm employed in  the analysis of the current data was 

patternedafter a scheme outlined by Luus and Jaakola [ IS]. The Luus-Jaakola (LJ) scheme is a 
direct random search method combined with search space reduction. Besically, the prcctdure is 
as follows. An initial range is selected for each parameter, and a number of different parameter 
sets are then selected on a random basis. For each parameter set the model is solved numerically 
and an unweighted least squares objective function value, B ,  is determined using all the CU and 
H2 partial pressure data Over theentire courseof the transient experiment; Le., 
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i = l  j 
B =  I { ~ ( ~ i , j - ~ * i , j 1 2 } ,  ( 1 )  

where the pi and the pfid are the measured and predicted partial pressures, respectively. 
After an arbitrari ly large number of parameter sets nave been evaluated, a fraction of the "best" 
resultant c~ses (Le., those with the lowest 0 values) are then selected and the parameter ranges 
of these sets are scanned to define new reduced parameter ranges to be used for the next round of 
iteration. The entire procedure is then repeated Until a pre-SpECifled tolerance on. the 
differential change in  theobjective function is met. The essociated parameter set for the "best" 
valueof 0 after the last iteration is taken BS the final optimum parameter set for thedata. 

The LJ method was applied to the steam gasification data on an experimental bnsis, with 
reasonable results, as part of an ongoing investigation on multiparameter regression schemes 
for transient kinetic data analysis [ 161. Previously [ I ,21 we had used a Maruuardt-type search 
scheme employing a Qreen's function method [ 171 for determining the first order gradients 
required for the khnique. As for all such schemes, we found both advanteges and disadvantages 
in  using the LJ scheme. Perhaps its most obvious disadvantsge lies in ik inherent inability to 
converge to the optimum parameter set i f  it is inadvertently not included in the initial range3 of 
all the parameters. If the init ial range is  tm large, the rate of region reduction can be 
drastically slower than i f  the range is  capable of being more narrowly specified. Also, since a 
finite, albeit large, number of parameter sets are examined, there is  alwsys the possibility of 
missing the 'true best' parameter set. Counterbalancing these debits is a potentlally significant 
w ings  in  mputa t ion  time due to the absence of the requirement for evaluating f i rst  order 
gradients and, possibly, higher derivatives. Also, in reducing the parameter search space, the LJ 
method increeses the probability of encountering a nm-optimum parameter set, In comparison 
to totally ranQm search methods. However, t W  arguments notwithstanding, wr axperienca 
with the data considered here, suppts  that a more effective method might involve a hybrid 
scheme wherein an LJ-type algorithm is usedm the "front end" of an optimization procedure for 
reducing the parameter search spaoe, with e more powerful local gradient technique, such m a  
Marquardt scheme, used to actually focus in on the optimum parameter set. Such a scheme is 
currently under consideration. 

Typically, i n  the current application of the LJ  method, the parameter ranges obtainedafter 
1 1 iterations, using a SX we reduction rate, were usedes the initial ranges for the subsequent 
set of iterations. When the "best" value of 0 did not chm@ by more than 5%, the parameter set 
aSsIci8ted with this minimum value of the objective function wes taken to be the optimum set. 
As an approximate average, about 25 overall iterations were sufficient to fit the experimental 
data with a good degree of accuracy. 

VI. R E S U L T S a r Y l w .  
Two types of chars were studied in  the current work: Fisher activated coconut char, and a char 

prepareo from Darw llgnite (PSOC 623) (800% for 2 hr. i n  an Inert atmosphere). Typical 
transient experiment results are presented in Figures 2 and 3. The six model parameters Were 
determined for each transient experiment using the LJ algorithm BS described above. The 
apparent activation energies for each parameter were then determined from Arrhenius plots of 
the Parameter values. The resultant parameter expressions are summarized in Table I. 

From the results in Table I it can be Seen that the apparent activation energies are, on the 
whole, higher for the lignite than for thecmjnut char. N e v e r ,  the activation energies for kl 
are very nearly identical for the two chars, thereby implying that the mechanism for steam 
adsorption on the two chars i s  very similar. As i n  our previous CO2 gasification studies, we 
found that the apparent ectivation energies of the effective ective site concentrations were 
negative. This result, BS previously, is attributed to the diminution of active sites via thermal 
anmling of the char upon heating 1 1,2,9,18,19,201. Moreaver, the & parameter expression 
determined i n  the current steam gasification studies for the m n u t  char is very similar to that 
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determined for the same char from previous C02 gasification studies: viz., %= 1 . 7 ~  1 O-y 
exp(*27000/RT) [ I ,2,31. This result implies that virtually the m e  active carbon sites 
participate in steam and CO2 gasification under the current experimental conditions. This is also 
direct eVidemz that the transient technique can yield gaod estimates of the effective active site 
concentrations of chars under actual gaslficatlon conditions. 

It 1s interesting to note that C, for the lignite char i s  comparable to that of the mnut char, 
even though their total surface areas are quite different ( 1038 m2/g for the m u t  char; end 
24.7 m2/g for the lignite chsr). However, % decresses more rapidly with temperature f~ the 
axxlnutchar than for the lignitechar, asevident from the relative magnitudesof their negetive 
apParent activation energies. This result probably reflects the fact that the mmnut char is 
"older" than the lignite char, rmd , thus, more graphitic in  nature end more susceptible to 
therm81 annealing, and, therefore, exhibits astronger temperature behavior. Also, the fact that 
that disordered regions in char have bcen reported to react more rapidly than ordered regions 
[211, i s  consistent with the comparable &values of the two chars in  spite of the significant 
difference i n  total surfece areas. 

Although values for all the rate constants determined in  the current work are not wailable in  
the literature, comparisons can be ma& wlth steady-state Langmuir-Hinshelwmd expression 
parameter values. Setting al l  the time derivatives equal to zero in the transient model and 
solving for the pseudo-ste&pstate specific gasification rate, W,, yields the following 
expression: 

(2) 

where the correspondene between the new parameters and the rate constants i s  given by: 
(3) 

A cornparison of the parameter values calculated from these expressions with corresponding 
values given in  the literature 8re presented in Table II. As can be seen, the mpar i son  is  fairly 
good. The primary source of the variability observed is  most probably due to differences in the 
Chars. For example, the total surface area of the amnut char used by Blackwood and McOrory 
[ 81 was reported 8s 46.5 m2/g, in  mmpariwn to the 1038 m2/g for the activated mconut char 
used in the current work. 

PseuQ-steeb/-state operation is attained at the end of each transient experiment 
corresponding the "leveling off" of thesignal traces (e.g.,efter CB. 1.2 min). Thesedataan also 
be analyzed i n  the usual steady-state fashion to show that they are consistent with traditional 
Langmuir-Hinshelwood kinetics. The steafy-state expression given by Eq. (2) can be recast into 
the following form: 

(4) 
where the subscript "ss" denotes steab/-state values, P,,, i s  the steady-state CO partial 
pressure determined from the data, q IS the volumetric flowrate at the reactor exit. R Is the 
universal ges constant, and T i s  the effluent pas temperature. Therefore, a plot of the lefthand 
side of Eq. (4)  w i n s t  Pw ,ss should be a straight line. One such plot for the m n u t  char data i s  
presented in Figure 3; the linear behwior is quite e v i h t .  

W, = KIP,/[ 1 t KzP,], m i n - ' ~  

K l=k  1 k2&,:I k- 1 *kp]; K2=k 11 I + k2( 1 /k3 + 1 /kq)l/[k- 1 *k2] 

Pw,&Ws = Pw,,CoRT/qPc,, = 1 /I( 1 + (K2/K 1 )Pw,s, 

VII. CONCLUDlNOREMARKS. 
It has been shown that char gasification in steam-argon mixtures, under the current 

experlmental conditions, i s  reasonably well represented by the transient kinetic model 
presented in this communication. Multiparameter analysis of the resultant transient kinetic data 
yielded separate Arrhenius temperature-dependent expressions for each of the model rate 
&ants, as well as the effective active site concentrations for the two chars examined. 
Although corresponding rate constant expressions ere not availeble for direct comparison, 
related kinetic parameters found in the literature agreed with the appropriate combinations of 
the current rate constant values. 
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The transient kinetic technique has been shown to be a valuable tool for examining char 
reaction mechanisms, and for determining rate parameters for direct use in modeling, design, 
and analysis of new o r  existing gasification and related systems. With automated data handling, 
the technique is capable of quickly and efficiently yielding a large amount of information 
concerning the reactivity and behavior of chars In varlous gaseous environments directly in  a 
single type of experiment. The &antages of this technique over other more commonly accepted 
steah/-state methods are significant. 
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Table I. 

Model parameter values* obtained with the Luus-Jsakola search scheme for steam gasifidion 
of lignite and amnut char. 

Yslues for Dsrco ligfiite chur (PSUC 62.31.- 
C, = 1 . 6 ~ 1 0 - ~  w p ( +  13646/RT), gmol/gmolC 
k l  = 4 . 8 6 ~ 1 0 ~  exp(-42286/RT), min- l  atm-l 
k- 1 = 2 . 6 5 ~ 1 0 ~  exp( -51341 /FIT), min- 
k2  - 9 . 3 2 ~ 1 0 ~  exp(-33840/RT), min- l  
k3  = 4 . 2 1 ~ 1 0 ~  exp(-42075/RT), min- l  
k4  = 5.07x101°exp(-47262/RT), min-I 

Yuhes for Fisher act iveled coconut cher: 
C, = 2.21~10-~exp(+23592/RT), gmol/gmol C 
k l  = 1.41~1O~~exp( -45183/RT) ,  min-I atm-l  
k- l  = 1 . 0 4 ~ 1 0 ~  exp(-35233/RT), min- l  
k2 = 9 . 6 7 ~ 1 0 ~  exp(-19448/RT), min- l  
k3 = 1 . 2 0 ~ 1 0 ~  exp(-25995/RT), min- l  
k4 = 2 . 0 4 ~  1 O6 exp( -25867/RT), min- 

IahlaL 

Comparison of kinetic parameters from different studies with m u t  char. 

3.6 6.1 8.9 
1.1 1.8 2.7 

1.6 7.8 25.0 

0.97 1.61 2.33 

- 0.36 1.25 
0.06 0.09 - 
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POPULATION AND TURNOVER NUMBER OF ACTIVE POTASSIUM SITES 
ON BITUMINOUS COALS DURING GASIFICATION 

C. T. R a t c l i f f e *  

Corporate Research-Science Laboratory  
Exxon Research and Engineering Company 

Route 22 East, Annandale, N.J. 08801 

S. N. Vaughn 

Exxon Research and Engineering Company 
P. 0. Box 4255 

Baytown, Texas 77520 

I n t r o d u c t i o n  
The a c t i v i t y  o f  a l k a l i  metal s a l t s  as c a t a l y s t s  f o r  steam g a s i f i c a t i o n  

on carbon surfaces has been w e l l  The k i n e t i c s  o f  cata lyzed 

g a s i f i c a t i o n  w i t h  potassium s a l t s  on carbon and the  data obtained from 
charac te r i z ing  a1 k a l i  metal t rea ted  carbon i s  cons i s ten t  w i t h  potassium i n  a h i g h l y  

dispersed and i o n i c  ~ t a t e . ( ~ - ~ )  
The r a t e  o f  potassium cata lyzed g a s i f i c a t i o n  on bituminous coals, when 

p l o t t e d  as a f u n c t i o n  o f  carbon conversion, tends t o  decrease a t  h ighe r  carbon 
conversions and can be h i g h l y  v a r i a b l e  depending on t h e  source o f  coal and method o f  
c a t a l y s t  treatment. The mechanism(s) o f  c a t a l y s t  deac t i va t i on  are n o t  we l l  
understood; loss o f  potassium s i t e s  due t o  r e a c t i o n  w i t h  minera l  matter, l i m i t e d  

m o b i l i t y  a f t e r  i n i t i a l  reac t i on ,  detachment from the  coal sur face and co l lapse o f  
pore s t ruc tu re  have a l l  been suggested as A key f a c t o r  i n  developing 

a fundamental understanding o f  t h e  change i n  r a t e  behavior  w i l l  be the a b i l i t y  t o  
accurate ly  count the  popu la t i on  o f  a c t i v e  a l k a l i  s i t e s  du r ing  g a s i f i c a t i o n  as a 
funct ion of carbon conversion. 

We have r e c e n t l y  found t h a t  carbon d i o x i d e  chemisorbs i n  an i r r e v e r s i b l e  
manner on the  surface o f  potassium t r e a t e d  Spherocarb, a h igh  sur face area 

carbon.") The molar  q u a n t i t y  o f  C02 adsorbed on t h i s  sur face a t  300°C, a f t e r  
i n i t i a l  thermal t reatment  a t  850"C, co r re la ted  w i t h  the  l e v e l  o f  potassium loading 

and suggested a f a c i l e  method o f  measuring a l k a l i  d i spe rs ion .  The va lue o f  0.5 t o  
0.6 adsorpt ion s i t e s  per  K20 impregnated on the  sur face a l s o  agreed w i t h  the i n i t i a l  

number Of a c t i v e  s i t e s  measured b y  the  d e r i v i t i z a t i o n  technique.'") 

The purpose o f  t h i s  i n v e s t i g a t i o n  has been t o  e s t a b l i s h  C02 
chemisorption as a t o o l  t o  s e l e c t i v e l y  measure t h e  popu la t i on  o f  a c t i v e  a l k a l i  s i t e s  
on gas i f i ed  coal chars and t o  determine the  s p e c i f i c  a c t i v i t y  o r  turnover  number of 
t h e  a c t i v e  s i t e s  under g a s i f i c a t i o n  condi t ions.  

* CUrrent address: Union O i l  Company o f  C a l i f o r n i a ,  Union Science and Technology 
D i v i s i o n ,  P. 0. Box 76, Brea, C a l i f o r n i a ,  92621. 
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I' 

Experimental 

Samples o f  bituminous coals were obta ined i n  5 g a l l o n  conta iners from t h e  
mines under a n i t r o g e n  atmosphere. The coals are i d e n t i f i e d  by mine and s t a t e  as: 
Monterey No. 1, I l l i n o i s  16, Hawk's Nest, Colorado; Val ley Camp, Utah; Walden, 
Colorado. The samples were sealed i n  an i n e r t  atmosphere fo r  shipment and opened i n  
a c o n t r o l l e d  atmosphere dry  box. Impregnation o f  t he  coals w i t h  aqueous so lu t i ons  
o f  potassium carbonate o r  potassium hydrox ide were performed i n  a c o n t r o l l e d  
atmosphere environment by the  method o f  i n c i p i e n t  wetness. A l k a l i  s a l t s  were 
obta ined commercial ly (reagent grade K2C03, u l t r a  pure KOH,) w i t h  aqueous so lu t i ons  
prepared imnediate ly  before impregnation. A f t e r  impregnation, t h e  samples were 
d r i e d  under i n e r t  atmosphere and s tored i n  sealed g lass vessels. While an apparent 
d ispers ion was observed w i t h  a l l  KOH t r e a t e d  coals, t he  K2CO3 t r e a t e d  coals  requi red 
rewet t ing the  samples, fo l lowed by s t i r r i n g  and d ry ing  t o  ob ta in  an even d i spe rs ion  
o f  K2CO3. 

Adsorption and g a s i f i c a t i o n  s tud ies  were performed w i t h  a M e t t l e r  2000C 
TGA/DSC thermal ana lys i s  u n i t  equipped w i t h  a co r ros i ve  gas head ('1 and a 
DuPont 951 TGA u n i t  w i t h  a pressur ized housing f o r  operat ion up t o  500 p s i g  (F igu re  

The load ing  o f  potassium was i n  the  range of 7-10%. 

11). 

Technique f o r  Adsorption, G a s i f i c a t i o n  

The adsorpt ion p roper t i es  o f  bituminous coal and cata lyzed coal samples 
were measured by means o f  the fo l l ow ing  procedure. A sample of  approximately 80 
m i l l i g rams  was loaded i n t o  a ceramic c r u c i b l e  w i t h  an equiva lent  amount o f  SP-1 
g raph i te  prepared i n  a c r u c i b l e  o f  i d e n t i c a l  c o l o r  and approximately the  same 
mass. The preweighed c r u c i b l e s  were loaded onto t h e  TGA/DSC p l a t f o r m  and outgassed 
a t  ambient temperature by m i l d  evacuation (10-3m) f o r  one h a l f  hour. The sample 
and reference ma te r ia l  were subsequently temperature programmed a t  29.g0/min. t o  
85OOC i n  f l ow ing  helium. A f t e r  heat treatment, samples were cooled t o  the  des i red  
temperature o f  3OOOC f o r  adsorpt ion s tud ies.  While the  sample was mainta ined a t  t he  
se lected isothermal temperature, a measured f l ow  o f  C02 was in t roduced i n t o  the  
hel ium c a r r i e r .  The reac t i ve  gas f low, as measured by the  Tylan f l ow  meter, was 
maintained a t  2cc per  minute w i t h  the c a r r i e r  f l o w  o f  20cc per minute helium; thus a 
p a r t i a l  pressure r a t i o  o f  1 : l O  o f  C02 t o  i n e r t  c a r r i e r  was u t i l i z e d  du r ing  the  
ad so r p  t i on study . 

Adsorpt ion o f  C02 was monitored by weight gain recorded on a s t r i p  
cha r t .  Adsorption was normal ly  rap id  w i t h  a p la teau i n  t o t a l  weight rees tab l i shed  
i n  15-30 minutes. The mixed gas stream was rep laced w i t h  a pure hel ium stream w i t h  
a second pe r iod  o f  10-15 minutes al lowed f o r  any subsequent change i n  weight. The 
t o t a l  adsorbed gas could thus be -d iv ided i n t o  phys ica l  and chemical adsorbed 
f rac t i ons  as the  former was desorbed when the reac t i ve  gas was replaced by hel ium 
and the  l a t t e r  was re ta ined  as a net weight gain. 

A measured f l ow  o f  COP o r  H20 vapor was mixed w i t h  the  He c a r r i e r  gas 
f l ows  and the  temperature o f  the sample was ra i sed  t o  an isothermal  va lue o f  700- 
8OOOC t o  perform p a r t i a l  g a s i f i c a t i o n  o f  the char. A f te r  a steady s t a t e  pe r iod  was 
establ ished,  t he  r a t e  o f  weight l oss  per  u n i t  t ime was obtained. The r e a c t i v e  gas 
f low was subsequently terminated and the above described procedure was repeated f o r  
C02 measurement o f  t h e  a c t i v e  s i t e  density. 
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High pressure measurements were performed on a mod i f i ed  OuPont 9 5 1  TGA 
which had been enclosed i n  a pressur ized housing (F igu re  1) .  A s i m i l a r  procedure 
was used t o  ob ta in  t h e  r a t e  o f  g a s i f i c a t i o n ;  t he  reac t i ve  gas composit ion was 30% 
H20, 7% CO, 13% C02, 15% CH4 and 3 5 %  H2. Operating cond i t i ons  were 5 0 0  ps ig  and 
705OC.  Adsorption measurements w i t h  C 0 2  were obtained a t  300°C,  one atmosphere 
pressure, by the  procedure described above w i t h  a f low of N2 as the i n e r t  c a r r i e r  
gas. 

Resul ts  and Discussion: 

Adsorpt ion o f  C 0 2  was examined on each o f  the neat coals a f t e r  thermal 
treatment t o  85OOC. While phys i so rp t i on  was observed a t  lower temperatures ( 100°C)  
i n  a l l  cases, on l y  Walden and Val ley Camp chars revealed any measureable 
chemisorption a t  300OC.  The thermal desorpt ion p r o f i l e  o f  Walden o r  Val ley Camp 
chars a f t e r  032 adsorpt ion i d e n t i f i e d  CaCO3 format ion from C02 i n t e r a c t i o n  with CaO 
as the source o f  t h e  chemisorption. The quan t i t y  o f  C 0 2  was always an order o f  
magnitude lower than adsorpt ion on a l k a l i  t r e a t e d  chars. A d i sp lay  o f  the quan t i t y  
o f  C02 adsorbed on K2CO3 and KOH t r e a t e d  coals  i s  shown i n  Figures 2 and 3. The 
molar  quan t i t y  o f  C 0 2  adsorbed (measured by TGA) has been normalized w i t h  the molar 
quan t i t y  o f  impregnated potassium s a l t  t o  represent r e l a t i v e  d i spe rs ion  values on 
t h e  o rd ina te  axes. As t h e  chemisorption measurement w i t h  C02 i s  performed a f t e r  
each thermal heat c y c l e  t o  85OoC i n  i n e r t  atmosphere, on ly  a c t i v e  potass iun s i t e s  
which are bonded t o  the  carbon w i l l  chemisorb C02. Any f r e e  potasium oxide, 
hydroxide, o r  bas i c  s a l t  w i l l  i r r e v e r s i b l y  adsorb C02 on the  f i r s t  cyc le  and remain 
as thermal ly  s tab le  K2C03. Thus, t he  e f f i c a c y  o f  the technique ‘ i s  i t s  a b i l i t y  t o  
s e l e c t i v e l y  measure on ly  t h e  a c t i v e  potassium complexes bonded t o  t h e  carbon 
surface, as they regenerate on each thermal heat ing c y c l e  t o  85OOC i n  He. 

The s i m i l a r i t y  o f  the four  bituminous coals i n  t h e i r  number o f  a v a i l a b l e  
a c t i v e  s i t e s  i s  i n  c o n t r a s t  t o  the  h igher  and more constant value o f  K2CO3 
impregnated Spherocarb (800m2/g, mineral f r e e  amorphous carbon) as shown i n  the 
d o t t e d  l i n e  of F igure #2. The low populat ion o f  a c t i v e  s i t e s  on t h e  KOH and K2CO3 
t rea ted  coal chars may represent a l i m i t e d  sur face area, as r e c e n t l y  repor ted by 
Shadman.(”) The lower  i n i t i a l  values on KOH - coals  do not correspond t o  lower 
surface areas w i t h  our  BET measurements, but  do c o r r e l a t e  i n  a p o s i t i v e  manner w i t h  
lower  v o l a t i l e  ma t te r  re lease on i n i t i a l  thermal tereatment. Deposi t ion o f  carbon 
o r  n o n - v o l a t i l e  carbonaceous res idue on the a c t i v e  base s i t e s  may l i m i t  the 
a v a i l a b i l i t y  o f  a l k a l i  a f t e r  i n i t i a l  thermal treatment. F rank l i n ,  Peters and Howard 
have de ta i l ed  the  e f f e c t  o f  mineral mat ter  and espec ia l l y  i n  exchanged a l k a l i  on 
reduci  t he  v o l a t i l e  ma t te r  and tar upon p y r o l y s i s  o f  bituminous and sub-bituminous 

The g rea te r  reduct ion i n  v o l a t i l e  mat ter  w i t h  KOH vs. K2CO3 t rea ted  
coals ,  due t o  the  s t ronger  base, most probably r e s u l t s  i n  a h igher  l o c a l i z e d  coating 
of condensed t a r  on t h e  a c t i v e  a l k a l i  s i t e s .  The temporary “po isoning”  o f  the s i t e s  
t o  C 0 2  adsorpt ion i n  KOH o r  K2CO3 t r e a t e d  chars i s  removed a f t e r  t h e  i n i t i a l  5-10% 
g a s i f i c a t i o n .  

The maximum popu la t i on  o f  s i t e s  i n  the  2 0 - 5 0 %  char conversion range, 
represent ing about 3W d ispe rs ion  o f  K20, i s  on l y  one-half the value obtained w i t h  
Potassium impregnated Spherocarb. I n t e r a c t i o n  o f  t he  bas ic  potassium s a l t s  w i t h  the 
minera l  ma t te r  may w e l l  have consumed a p o r t i o n  o f  t he  impregnated s a l t  (7) i n  
a d d i t i o n  t o  a poss ib le  lower  d i spe rs ion  o f  t h e  s a l t s  on the lower surface area 
chars. The d e c l i n e  i n  t h e  s i t e  populat ion a t  60-90% carbon conversion i nd i ca tes  the 
continued n e u t r a l i z a t i o n  of t he  a l k a l i  w i t h  minera l  mat ter  i n  a d d i t i o n  t o  the 
detachment o f  a l k a l i  from t h e  carbon. 
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When the r a t e  o f  g a s i f i c a t i o n  w i t h  COP i s  corrected f o r  t h e  populat ion o f  
a c t i v e  s i t e s  a t  each l e v e l  o f  char conversion, a s p e c i f i c  a c t i v i t y  o r  t u rnove r  
number can be obtained. The turnover  number f o r  Val ley Camp and Hawk's Nest coal 
(both impregnated w i t h  KOH) as a func t i on  o f  char conversion are shown i n  Figure #4 
f o r  C02 g a s i f i c a t i o n .  The constant value o f  t he  turnover  number f o r  t h e  e n t i r e  

i range of char conversion now establ ishes the dens i t y  o f  a c t i v e  potassium s i t e s  as 
t h e  r a t e  c o n t r o l l i n g  parameter i n  CO2 g a s i f i c a t i o n  o f  these coals. While t h e  
r e s u l t s  i n  Figure #4  c l e a r l y  remove the quan t i t y  o f  carbon i n  the  char as a r a t e  
c o n t r o l l i n g  parameter, t he  change i n  the concentrat ion o r  composit ion o f  t he  vapor 
phase reactant  atmosphere i s  a lso known t o  a f f e c t  cata lyzed g a s i f i c a t i o n .  Samples 
of t he  same impregnated Val ley Camp and Hawk's Nest coals  have been s tud ied  under 
h igh  pressure cond i t i ons  w i t h  a r e a c t i v e  atmosphere t y p i c a l  o f  a f l u i d  bed 
s t e a d c o a l  g a s i f i c a t i o n  environment. The p l o t  o f  turnover  number vs char conversion 
under t h i s  set  o f  reac t i on  condi t ions i s  shown i n  Figure #5. The d i f f e r e n c e  i n  the  
average turnover  number shown f o r  t he  two sets  o f  g a s i f i c a t i o n  cond i t i ons  can be 
a t t r i b u t e d  t o  d i f f e rences  i n  r e a c t i v i t y  o f  the two gas atmospheres. It i s  again 
obvious t h a t  t he  constant turnover  number for potassium over t h e  range o f  char 
conversion confirms the r a t e  c o n t r o l l i n g  nature o f  t he  potassium s i t e  dens i t y  f o r  
coal  gas i f i ca t i on .  

Summary : 

Chemisorption o f  C02 a t  3OOOC provides a s e l e c t i v e  and r a p i d  technique t o  
measure the  a c t i v e  s i t e  dens i t y  o f  a l k a l i  c a t a l y s t s  on coal a t  i n t e r m i t t e n t  per iods 
o f  coal g a s i f i c a t i o n .  With a thermal balance/reactor, t he  s p e c i f i c  a c t i v i t y  per  
c a t a l y s t  s i t e  ( turnover  number) has been measured f o r  cata lyzed g a s i f i c a t i o n  o f  C02 
or steam/product gases w i t h  bituminous coals. The s i t e  dens i t y  o f  potassium on 
carbon as the r a t e  c o n t r o l l i n g  parameter i n  g a s i f i c a t i o n  o f  coal as shown by a 
constant  va lue f o r  t he  turnover  number over the  f u l l  range o f  char conversion. 
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THE KINETICS OF CARBON WIFICATION BY CO2 

H. Freund 

Exxon Research and Engineer ing Company 
Corporate Research - Science Labs 
C l i n t o n  Township, Route 22 East 

Annandale, NJ 08801 

INTRODUCTION 

Considerable work has been done i n  t h e  area o f  c a t a l y t i c  carbon 

And y e t  t he re  i s  s t i l l  considerable unce r ta in t y  about t h e  bas i c  
gas i f i ca t i on (1 -3 )  
area.(4) 
fundamentals. D i f f e r e n t  k i n e t i c  measurements have been repor ted  f o r  
s i m i l a r  systems and d i f f e r e n t  t heo r ies  and mechanisms appear f o r  c a t a l y t i c  
g a s i f i c a t i o n .  

and recen t l y  an e n t i r e  i ssue o f  N w a s  devoted t o  t h i s  

The mechanism f o r  t h e  g a s i f i c a t i o n  o f  uncatalyzed carbon has been 
pos tu la ted  t o  be a s imple two s tep  oxygen exchange mechanism ( 5 )  : 

k. 

k 2-1 
C(0) ----+ co + Cf 

where Cf i s  an a v a i l a b l e  a c t i v e  s i t e ,  and C(0) i s  one which i s  occupied has 
been app l ied  t o  uncatalyzed g a s i f i c a t i o n .  I n  t h i s  paper, i t  w i l l  be 
app l ied  t o  Ca- and K-catalyzed as we l l .  From a k i n e t i c  ana lys i s  the  r a t e  
constant k '  can be determined. k i  i s  t h e  product o f  t h e  a c t i v e  s i t e  
dens i ty  a n i  t he  i n t r i n s i c  decomposition r a t e  constant,  k2. It s t i l l  
remains t o  uncouple t h e  a c t i v e  s i t e  dens i t y  from kh t o  determine k2. 

Such an uncoupl ing can be accomplished by a t r a n s i e n t  k i n e t i c s  
experiment. Other workers have examined t h e  t r a n s i e n t  k i n e t i c s  du r ing  t h e  
establishment o f  steady s t a t e  g a s i f i c a t i o n  cond i t i ons  and have repor ted  kl 
and k2. 
t h i s  present paper, t h e  t r a n s i e n t  k i n e t i c s  a re  s tud ied  as a steady s t a t e  
g a s i f y i n g  system re laxes  when t h e  ox idant  i s  suddenly removed from the  
system. 

(1) i s  d r iven  t o  the r i g h t ,  popu la t i ng  a l l  a v a i l a b l e  s i t e s  and producing 
one 0 molecule f o r  each a c t i v e  s i t e  reacted. A second molecule o f  CU i s  
formed when t h i s  complex decomposes. If t h e  ox idant  were t o  be r a p i d l y  
removed from the  system, reac t i on  (1) would be shut down bu t  t h e  sur face  
complex would decay w i t h  a c h a r a c t e r i s t i c  t ime  constant kp, i f  k-lCCOI were 
n e g l i g i b l e  compared t o  k2. One can es t imate  t h e  magnitude o f  k2 and k-l 
us ing  the  r e s u l t s  o f  Sy and Calo.(C) 
Calo's k and Ergun's (5& equi i b r i u m  constant.  et 1000 K and [CO? = 100 
ppm, k ,iCO] = 9.1 x 10- min- 1 
k-l[COj. A t  s u f f i c i e n t l y  low te!$rkGes t h e  decay t ime cons tan t  i n  t h e  
t r a n s i e n t  experiment w i l l  be l ong  enough t o  be measurable. 

The a c t i v a t i o n  energy f o r  k2 o f  44.8 kcal /mole seems low.(6) I n  

Under steady s t a t e  cond i t ions ,  i n  an atmosphere o f  C02, reac t i on  

k-l can be determined from S and 

1.6 min- . Indeed k2 >> 

If one were 
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mon i to r i ng  CO, one would expect t o  see i d e a l l y  an instantaneous dec l i ne  o f  
t h e  CO t o  one h a l f  o f  i t s  steady s t a t e  l e v e l  fo l lowed by an exponent ia l  
decay o f  CO. 

EXPERIMENTAL 

TGA exper iments were done w i t h  a Dupont model 951 thermogravi-  
me t r i c  analyzer.  CO CO, and A r  were p r e p u r i f i e d  grade and were used 
w i thou t  f u r t h e r  p u r i f i c a t i o n .  
Spherocarb (-60+80 mesh), Supelco's Carbosieve S (-120+140 mesh), g lassy  
carbon obtained from Atomergic Chemetals Corp., and a 1000°C char made from 
I l l i n o i s  #6 coal. Research grade anhydrous K2C$ was used as the  source o f  
potassium and was co-crushed w i t h  the spherocarb t o  make var ious mixtures 
of K$O3 on spherocarb. The Carbosieve was ox id i zed  overn igh t  i n  HNO3 t o  
prepare c a r b o x y l i c  a c i d  s i t e s  on the  carbon. 
t h i s  ma te r ia l  was then ion-exchanged i n  an ammoniated Ca (NO$, so lu t ion .  

For a run, approximately 50 mg o f  sample were loaded i n t o  t h e  
TGA. A l l  samples were f i r s t  heated under argon up t o  a pre-designated tem- 
pera ture  (50°/min up t o  900°C, f o r  non-potassium samples, 20°/min up t o  
8OOOC f o r  potassium samples). 
below these preheat temperatures. 
e f f e c t s  which might occur du r ing  g a s i f i c a t i o n .  
CO i n  C02 was t h e  most common) were prepared us ing  Matheson mass f l ow  
c o n t r o l l e r s  and passed i n t o  t h e  TGA a t  around 300 cc/min a t  a pressure o f  
10 kPag . 
o f  time. Steady s t a t e  s lopes were usua l l y  measured. For t h e  Ca samples, 
genera l l y  t h e  i n i t i a l  r a t e  was taken as the re  was r a t h e r  rap id  c a t a l y s t  
deac t iva t ion .  The r a t e  o f  carbon gas i f i ed ,  R, i s  de f i ned  as l / w  dw/dt 
where w i s  t h e  we igh t  where t h e  slope ( tangent )  was drawn and dw/dt i s  the  
s lope o r  r a t e  o f  we igh t  loss .  
gas i f i ed  per  gram o f  m a t e r i a l  per u n i t  t ime. F igure  1 i s  an Arrhenius p l o t  
f o r  one sample (209b K2C03 on Spherocarb) showing the  e f f e c t  o f  the  CO/C02 
r a t i o .  

The f low r e a c t o r  experiments were done i n  a 1 cm I D  quartz f low 
reac tor  w i t h i n  an open ended v e r t i c a l  furnace. The carbon samples sa t  on a 
qua r t z  f r i t ,  -2011 pore  s ize.  Gas f l ow  was about 1000 cc/min (Ar + CO,) and 
was passed down over t h e  sample. The sample thermocouple passed through a 
0.64 cm OD quar tz  tube  through the  l eng th  o f  t h e  reac to r  and was pos i t ioned 
j u s t  above t h e  fr it. 

passed th rough an 0, scrubber.  ?h is  was a packed bed (4g cm x 1.1 an ID) 
of copper chromite c a t a l y s t  (Harshaw Chem) operated a t  15O-16O0C. The 
Cata lys t  was a c t i v a t e d  by H2 reduct ion.  The bed should reduce o2 below 1 
ppm. CO was monitored us ing  a Thermo E lec t ron  Corpora t ion  Model 48 0 
analyzer.  

800-850"C under f l o w i n g  A r .  

The carbon samples used were Analab's 

To prepare Ca-treated carbon 

G a s i f i c a t i o n  was then genera l l y  done a t  o r  
Th is  was done t o  minimize any py ro l ys i s  

Mix tu res  o f  CO and C02 (10% 

The TGA da ta  were obtained measuring sample weight as a func t i on  

The u n i t s  o f  t h i s  are g/g/min o r  grams o f  C 

I n  order t o  minimize 0 contaminat ion,  both CO and A r  were 

c o p  was monitored w i t h  a Beckman Model 865 i n f r a r e d  analyzer.  

The procedure was t o  charge t h e  reac to r  with sample and heat t o  
This es tab l i shed a common re fe rence cond i t i on  
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I 

f o r  a l l  samples. 
and 10% C02 was added t o  the  gas f low.  
was tu rned o f f  and the  decay i n  (XI monitored as a f u n c t i o n  o f  t ime. The 
observed time constant f o r  a t o  be swept out o f  t h e  s y s t m  was about 5 
sec (10%-90%). 

The temperature was then dropped i n t o  the  range 570-670°C 
When steady s ta te  was reached, a32 

The CO analyzer i ns t rumen ta l  t ime constant was 30 sec 
(0-95%). 

ANALYSIS 

I n  o rder  t o  p roper l y  reduce t h e  TGA data, t he  e f f e c t  o f  t he  
CO/CO2 r a t i o  had t o  be taken i n t o  account. 
k i n e t i c s  and app ly ing  the  steady s t a t e  assumption t o  C(0) i n  reac t i ons  (1) 
and (2)  and assuming t h a t  the  number o f  f r e e  s i t e s  remain constant w i t h  
burn o f f .  the  q loba l  surface r a t e  f o r  CO, a a s i f i c a t i o n  can be shown t o  be 

Using Langmuir-Hinshelwood 

where R i s  the measured r a t e  o f  carbon weight loss,  (C02) and (CO) are  t h e  
gas concentrat ions o f  CO and CO and [ C  3 i s  t he  a c t i v e  s i t e  dens i ty ,  g 
a c t i v e  carbon per g o f  i o t a 1  carbon. 
occupied and hence 
reduces t o  

An a c t i v e  s i t e  i s  e i t h e r  f r e e  o r  
CT= Cf + C(0). Ergun(5) has shown t h a t  Eqn. (3) 

~ ~ [ C T J  
= I+( CO/C02Keq) (4)  

under m i l d  g a s i f i c a t i o n  cond i t i ons  ( low T, low pressure).  I n  Equat ion ( a ) ,  

k g  se cond i t ions .  Eqn. (4)  can be rearranged so t h a t  
i s  t he  equ i l ib rum constant f o r  r e a c t i o n  (1) which i s  e q u i l i b r a t e d  a t  

(5) co 1 (-) = K k2[CTl (F) - Keq co2 eq 
Hence a p l o t  o f  CO/CO2 vs 1 / R  should y i e l q  a s t r a i g h t  l i n e  

w i t h  y -ax is  (CO/CO2) i n t e r c e p t  o f  -Keq and an x -ax is  (K) i n t e r c e p t  o f  l / k p  
CcTl 

The au thor  has app l ied  t h i s  mechanism t o  h i s  data f rom exper i -  
ments on c a t a l y t i c  g a s i f i c a t i o n  by C02 us ing  K and Ca as c a t a l y s t s  as w e l l  
as experiments w i t h  no c a t a l y s t  present.  i s  p l o t t e d  
i n  F igure  2. The curve i n  F igure  2 i s  t h e  pub l ished Ergun(5f'value f o r  Ke 
m u l t i p l i e d  by 2. 
o f  2 depending on which o f  two a lgeb ra i c  expression? he used t o  o b t a i n  
K Using Ke , a va lue  o f  k2[CT] ( z k i )  can then be obtained from eqn 
(8p:  These hage been p l o t t e d  as Ar rhen ius  p l o t s  i n  Figure 3. 

For t h e  f l ow  experiments, two t y p i c a l  CIl t races  are  shown i n  
Figures 4 and 5 f o r  t h e  carbon sample and f o r  t he  Cd impregnated sample. 
Note t h a t  i n  F igure  4 the re  i s  a s u b s t a n t i a l  d i p  which occurs when t h e  C02 
i s  f i r s t  turned o f f .  This phenomenon w i l l  be discussed l a t e r .  Two pieces 
of  informat ion were taken from each p l o t :  
g a s i f i c a t i o n  and the  r a t e  o f  CO decay. 

The C02 da ta  f o r  K 

I n  h i s  paper he mentioned t h a t  Ke can d i f f e r  by a fac to7  

t h e  steady s t a t e  va lue  f o r  c02 
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The steady s t a t e  value of  CO produced can be converted i n t o  the 
r a t e  constant, k h  knowing t h e  t o t a l  molar gas f l o w  and the  carbon load ing  
i n  the bed. From t h e  o v e r a l l  g a s i f i c a t i o n  s to i ch iomet ry  and t h e  molar gas 
f low, the  observed CO concent ra t ion  can be r e l a t e d  t o  the  moles o f  carbon 
be ing  g a s i f i e d  per  u n i t  t ime. Knowing t h e  i n i t i a l  bed weight, kh ( = l / w  
dw/dt) can then be determined. 

I f  the  r a t e  o f  CO decay i s  exponent ia l ,  t h e  decay constant i s  t he  
i n t r i n s i c  r a t e  cons tan t  f o r  the  decomposition o f  t he  surface complex. 
most cases, a t  a g i ven  temperature, a small non-zero CO value was obtained 
i n  the absence o f  C o p .  
l e s s  than 10% o f  t h e  steady s ta te  value. 

an Arrhenius p l o t  i n  F igu re  6. The data s c a t t e r  about the  l i n e s  obtained 
from the TGA work on s i m i l a r  samples. A lso  i nc luded  i n  Figure 6 a re  t h e  
decay constants from t h e  t r a n s i e n t  experiment, i.e. t he  i n t r i n s i c  r a t e  
constant,  kp. 

I n  

Th is  value was subt rac ted  out;  i t  was genera l l y  

The values o f  kb der ived  from t h e  steady s t a t e  data are shown as 

Least square ana lys i s  y i e l d s  an average value o f :  
= 1011.6t2.3 -53700+9400 ,,,in-l- 

2 exP RT 

( u n c e r t a i n t i e s  determined f o r  a 95% conf idence l i m i t ) .  

DISCUSS ION 

work f a l l  q u i t e  c l o s e  t o  t h e  l i n e  determingd by Ergun (see F igure  2 ) .  This 
i s  s t rong ly  suggest ive  t h a t  the  e q u i l i b r i u m  i n  equat ion  (1) i s  a f fec ted  
by the  presence o f  a c a t a l y s t .  Th is  i s  f u r t h e r  cor robora ted  by the  fac t  
t h a t  a f t e r  c o r r e c t i n g  f o r  t h e  CO/CO2 r a t i o  i n  t h e  manner descr ibed, t h e  
f o u r  l i n e s  i n  F igure  1 co l l apse  t o  one l i n e  i n  F igu re  3. Ergun determined 
t h e  a c t i v a t i o n  energy f o r  uncatalyzed C02-carbon g a s i f i c a t i o n  t o  be 59 
kcal/mole. Except f o r  g lassy carbon, i n  t h e  present experiments, l e a s t  
squares analyses on those systems w i t h  a t  l e a s t  seven p o i n t s  show ac t i va -  
t i o n  energies w i t h i n  3.2 kca l  o f  Ergun's value. 
F igu re  3 are p a r a l l e l  t o  one another, t h e  a c t i v a t i o n  energy f o r  reac t i on  
(2) ,  the desorp t ion  o f  CO, i s  independent o f  c a t a l y s t .  
r e a c t i v e  surface i n te rmed ia te  i n  t h e  c a t a l y t i c  cases must decompose as if 
t h e  c a t a l y s t  were no t  present i .e., it must decompose l i k e  r e a c t i v e  
adsorbates i n  uncatalyzed g a s i f i c a t i o n .  Th is  author i n t e r p r e t s  the  
p a r a l l e l  Ar rhen ius  p l o t s  shown i n  Figure 3 f o r  d i f f e r e n t  carbon-ca ta lys t  
combinations t o  mean t h a t  t h e  c a t a l y s t  i s  e f f e c t i v e l y  a c t i n g  s o l e l y  t o  
inc rease the  a c t i v e  s i t e  dens i ty .  

ments of about one h a l f  fo l lowed by an exponent ia l  decay s t rong ly  suggests 
t h a t  the  two step g a s i f i c a t i o n  mechanism i s  indeed c o n t r o l l i n g .  
now determine the  f r a c t i o n  o f  t o t a l  carbons which are "ac t i ve "  ---- 
d i v i d i n g  kh by k2 y i e l d s  t h e  a c t i v e  i t e  dens i ty .  For the  uncatalyzed 
carbon, one ob ta ins  a value, 4.7x10-* a c t i v e  ca rbon / to ta l  C. This ex- 
ceed ing ly  small va lue  i s  q u i t e  unexpected. 
area", t h i s  corresponds t$ about .019% o f  t h e  t o t a l  BET surface area ( t h i s  
was obtained us ing  1000 m /g  as the  BET sur face  area o f  the  carbon and 

The exper imenta l  values f o r  Ke (Eqn. 1) determined i n  t h i s  

Because the  l i n e s  i n  

This means t h a t  t he  

The observa t ion  o f  a decrease i n  a3 i n  t he  t r a n s i e n t  f l ow  exper i -  

One can 

In terms o f  " a c t i v e  sur face  
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8 ~ 1 0 - l ~  cm2 as t h e  area f o r  an a c t i v e  s i t e ( 7 ) ) .  
1/10 t h a t  o f  a c t i v e  surface measured v i a  0 
For high surface area chars, Radovic e t  a1f8) found a c t i v e  sur face  
a rea / to ta l  surface area -10%. These chemisorpt ion techniques measure 
a c t i v e  carbons w i t h  respect t o  0 adsorpt ion.  
0 2  it i s  not the case t h a t  a l l  $he s i t e s  a v a i l a b l e  t o  O2 are  assess ib le  by 
CO (9 ) .  Furthermore no t  a l l  of the a c t i v e  s i t e s  by chemisorp t ion  a re  
aczive i n  g a s i f i c a t i o n  s ince  some represent very a c t i v e  s i t e s  which are  
probably unava i lab le  f o r  reac t i on  because o f  a s t a b l e  carbon-oxygen complex 
wh i l e  o thers  o f  low r e a c t i v i t y  w i l l  form the  carbon-oxygen reac t i on  i n t e r -  
mediate on l y  very s lowly.  

The f a c t  t h a t  a c a t a l y t i c  system y i e l d e d  the  same k2 s t r o n g l y  
supports the  conten t ion  t h a t  Ca (and presumably o the r  a l k a l i n e  e a r t h  as 
we l l  as a l k a l i e s )  ca ta l yze  t h e  system by i nc reas ing  t h e  number o f  s i t e s .  
It does not a f f e c t  k2, t h e  ra te  constant c o n t r o l l i n g  the  removal of carbon 
atoms as Ul from t h e  l a t t i c e .  

Th is  i s  a f a c t o r  l e s s  than 
chemisorpt ion o f  G.raphon(4). 

I n  carbon g a s i f i c a t i o n  by 

The i m p l i c a t i o n  o f  these experiments i s  t h a t  a s imp le  two step 
oxygen exchange mechanism, al though an o v e r s i m p l i f i c a t i o n ,  can s t i l l  be 
used t o  exp la in  C02 g a s i f i c a t i o n .  The data he re in  are se l f - cons i s ten t .  
The steady s ta te  values f o r  k i  s c a t t e r  about ex t rapo la ted  TGA da ta  ob ta ined 
e a r l i e r  f o r  the  same samples. A c t i v a t i o n  energies f o r  k '  a re  - 58-60 
kcal/mole. 
F igure  6) d i f f e r i n g  by a f a c t o r  o f  100 y i e l d  t h e  same f. 
s c a t t e r )  w i t h  an a c t i v a t i o n  energy roughly t h e  same as ti. 

can be compared f o  t h e  value ob ta ined by Sy and 
Calo. A 1000 K they o b i a i n  k2 = 1.6 min- . I n  t h i s  work, a t  1000 K ,  k2 = 
. 7 1  min- , f a i r l y  good agreement f o r  a h igh  temperature r a t e  constant.  
Although the  unce r ta in t y  i n  the  a c t i v a t i o n  energy i s  f a i r l y  l a r g e  (53.7 t 
9.4) and encompasses t h e  value determined by Sy and Calo (44.8), t h i s  
author f e 
kinetics' '", i.e., AE - 59 kcal /mole would be most cons i s ten t  w i t h  t h e  
a v a i l a b l e  data and t h e  2-step oxygen exchange mechanism. 

da ta  presented here. One problem can be seen i n  t h e  Ca p l o t  i n  Figure 5. 
A f t e r  about 60% o f  the  surface complex has decomposed, the  r a t e  o f  CO 
decrease slows down, i.e. more 0) i s  l i b e r a t e d  than expected f o r  an ex- 
ponent ia l  decay. Apparent ly another mechanism f o r  Ul re lezse  becomes 
appreciable;  perhaps as j u s t  mentioned, complexes o f  lower r e a c t i v i t y  begin 
t o  decompose. 

below the  50% value be fore  beginning an exponent ia l  decay. 
po la tes  back t o  t=O, however, i t  appears t o  i n t e r s e c t  a CO va lue  about h a l f  
o f  t he  i n i t i a l  (because o f  the  d i l u t i o n  e f f e c t  o f  t h e  A r ,  t h e  va lue  should 
be 10% l a r g e r  than 1/2). What appears t o  be happening i s  t h e  f o l l o w i n g :  
I n  the case o f  uncatalyzed carbon, CO i n i t i a l l y  produced i s  scavenged by 
some surface species and can no t  escape as CO. Th is  scavenging species 
becomes depleted and CO i s  ab le  t o  escape from the  bed, thus  "resuming" t h e  
exponent ia l  decay. For Ca-catalyzed carbon e i t h e r  t h e  species does not 
exist, o r  t he  e f fec t  i s  swamped by t h e  h igher  l e v e l  o f  CO produced. The 

Two d i f f e r e n t  carbon systems which y i e l d  k '  fc.f. 
( w i t h i n  the  

The value o f  k 

fr 

t h a t  a AE c l o s e r  t o  t h a t  ob ta ined from g a s i f i c a t i o n  

There s t i l l  remain quest ions regard ing  the  i n t e r p r e t a t i o n  o f  t h e  

I n  Figure 4, a f t e r  a)2 I s  tu rned o f f ,  t h e  Ul s igna l  d i p s  w e l l  
I f  one ex t ra -  
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observa t ion  o f  such a l a r g e  d i p  suggests more compl icated chemistry than a 
simple two-step oxygen exchange mechanism. 

Other carbon systems a l so  suggest more compl icated chemistry. A 
d i f f e r e n t  Ca-catalyzed carbon (Ca-impregnated spherocarb) gave e n t i  r e l y  
d i f f e r e n t  r e s u l t s :  on CU2 removal ( i n  the  same temperature regime), the  CU 
signal  dropped t o  -90-95% o f  t h e  steady s t a t e  value, and no decay constant 
cou ld  be measured. T h i s  k ind  o f  behavior was observed w i t h  K CO /sphero- 
ca rb  samples. 
f u r t h e r  s low ly  w i t h  t ime. 
spherocarb gave a s i m i l a r  r a t e  constant as determined here bu t  t h e  CU f e l l  
more than h a l f  o f  t h e  steady s t a t e  value. The r e s u l t s  seem t o  depend on 
t h e  p a r t i c u l a r  carbon system not on t h e  experimental arrangement. It i s  
n o t  su rp r i s ing  t h a t  t h e  s t r u c t u r e  o f  t h e  carbon, t he  micro-pore d i s t r i b u -  
t i o n ,  the  na ture  o f  t h e  c a t a l y s t  o r  i t s  d i spe rs ion  may have an e f f e c t  on 
t h e  r e s u l t  i n  these k i n d s  o f  experiments. 

The CO concent ra t ion  dropped t o  about 90% and Zecgined 
I n  work done subsequent t o  t h a t  repor ted  herein,  
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CHAR GASIFICATION BY CARBON DIOXIDE: FURTHER EVIDENCE 
FOR THE TWO-SITE MODEL 

P.C. Koenig, R.G. Squi res ,  N.k. Laurendeau 

Coal Research Center .  Purdue Univers i ty ,  West La faye t t e .  IN 47907 

1. INTKODUCTION 

Severa l  exper imenta l  s t u d i e s  of t h e  C-CO g a s i f i c a t i o n  r e a c t i o n  
have been made. Many i n v e s t i g a t o r s  have no te f  t h a t  t h e  k i n e t i c  d a t a  
s u b s t a n t i a t e  a r a t e  equat ion  of Langmuir-Hinshelwood form [ 1 , 2 , 3 , 4 ] :  

bl[C021 

1 + b2[CO] + b3[C02] R = -  (1 )  

2 
where R i s  the  i n t r i n s i c  r e a c t i v i t y  (g/m s), and t h e  b’s r ep resen t  r a t e  
c o e f f i c i e n t  r a t i o s .  Laurendeau [4] summarizes t h e  evidence suppor t ing  
t h e  following oxygen exchange mechanism which is in agreement with Eqn. 
(1): 

k: I c + co - C(0) + co 
f 2 P1 

k; 
C(0) .+ co 

where C r e p r e s e n t s  a f r e e  carbon s i te  and C(0) a 
atom. Applying t h e  s t eady  state approximation t o  
a c t i v e  s i tes ,  

y i e l d s  t h e  fo l lowing  va lues  f o r  b l ,  b2,  and b3: 

chemisorbed oxygen 
C(0) and a balance 

b l  = m k [C 1, c l  t 

where m is t h e  mass of a carbon 

Inve r t ing  Eqn. (1) gives  

1 b3 b2 

bl b l  
- = - + -  

kl  
b =r, b3=--;, 2 

k2 kg  

atom. 

[COI 1 1 
[cozl+r;;[cozl~ 

(5)  
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t 
2 

Thus, t h e  fo l lowing  r e l a t i o n s h i p s  should e x i s t  a t  cons tan t  tempera ture ,  
i f  t he  above model ho lds :  

1. 1 / R  vs. 1/[CO ] should be l i n e a r  f o r  cons t an t  [CO]; 

2. 1 / R  VS. 1/[CO ] should be l i n e a r  f o r  cons tan t  [COl/[C021; 

3.  1 / R  VS. [CO] should be l i n e a r  f o r  cons tan t  [C02]; 

4 .  1 / R  vs. 1/[CO ] should be l i n e a r  f o r  near-zero [CO]. 

2 

2 

2 

The purpose of t h i s  paper is t o  examine these  r e l a t i o n s h i p s  f o r  d a t a  
obta ined  from OUK 1abOKatOKy and t h e  l i t e r a t u r e .  
a n a l y s i s .  we w i l l  show t h a t  s u f f i c i e n t  experimental  evidence e x i s t s  t o  
ques t ion  the  v a l i d i t y  of Eqn. (6)  and hence t h e  s i n g l e - s i t e  oxygen 
exchange mechanism. A two-s i te  model is proposed t o  exp la in  t h e  ava i l -  
a b l e  experimental  da t a .  

2.  EXPERIMENTAL PROCEDURE 

In t h e  course  of t h i s  

A d i f f e r e n t i a l  packed-bed r e a c t o r  made from 15 m I D  qua r t z  was 
employed t o  s tudy  the  g a s i f i c a t i o n  k i n e t i c s  of Saran char a t  tempera- 
t u r e s  between 858 and 956OC, and a t o t a l  p re s su re  near 1 a t m  (101.3 
kPa). 
mer i n  n i t rogen  a t  1300 K f o r  t h r e e  hours. The r e a c t o r  was t y p i c a l l y  
loaded with between 0.15 and 3.75 gm of -250 p m  char  p a r t i c l e s  y i e ld ing  
a bed he ight  between 0.5 and 10.0 c m .  Carbon d iox ide ,  carbon monoxide 
and argon a t  99.99% p u r i t y  were flowed through t h e  char  bed at  a t o t a l  
f low r a t e  of between 200 and 1000 cc/min (STP). Carbon d iox ide  was used 
a s  the  r eac t an t  gas ,  carbon monoxide was added t o  s tudy  i t s  i n h i b i t i v e  
e f f e c t  on g a s i f i c a t i o n ,  and argon w a s  employed t o  vary t h e  i n l e t  C02 and 
CO concent ra t ions .  The r eac t ion  r a t e s  were determined from t h e  amount 
of CO produced by g a s i f i c a t i o n  a s  measured by an In f r a red  I n d u s t r i e s  
d u a l  beam nondispers ive  i n f r a r e d  ana lyzer  (IR-703D). In  o rde r  t o  com- 
p a r e  t h e  r a t e  d a t a  a t  a common ex ten t  of r e a c t i o n ,  t he  r a t e  dependence 
on CO and CO was determined using a method similar t o  Tyler and Smith 
[ 5 ] .  'The percent conversion was maintained below 4.0% t o  ensure  d i f -  
f e r e n t i a l  condi t ions .  Experimental tests and t h e o r e t i c a l  c r i t e r i a  i nd i -  
ca ted  the  absence of t r anspor t  l i m i t a t i o n s .  The i n t r i n s i c  r e a c t i v i t i e s  
presented  i n  t h i 9  s tudy  a r e  based on t h e  s p e c i f i c  su r face  a r e a  a t  -10% 
burn-off (1285 m / g ;  Dubinin-Radushkevich i so therm with C02 a t  298 K). 

3.  RESULTS 

The Saran char w a s  made by hea t - t r ea t ing  Dow Chemical Saran poly- 

Data f o r  1 / R  vs. 1/[C02] f o r  [CO] - 15 kPa and f o r  [CO]/[COZ] - 
0.25 were f i t  us ing  a l i n e a r  r eg res s ion  a n a l y s i s  and appear i n  F igs .  1 
and 2. The p l o t s  a r e  l i n e a r  with p o s i t i v e  i n t e r c e p t s  f o r  a l l  tempera- 
t u r e s .  Strange and Walker 161 noted similar r e s u l t s  f o r  SP-1 g raph i t e  
when [CO ] is  va r i ed  f o r  a f ixed  [ C O ] ,  and when [COZ] i s  var i ed  f o r  a 
f ixed  [C8]/[COZ] r a t i o .  
d a t a  in the  presence of carbon monoxide. 

Thus, Eqn. (6 )  adequate ly  f i t s  g a s i f i c a t i o n  
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Plo t s  of 1 / R  vs. [CO] f o r  [CO ] - 60 kPa appear in Figure  3. The 
p l o t s  are l i n e a r  as a n t i c i p a t e d  wi& p o s i t i v e  i n t e r c e p t s .  
[ 2 ]  and Wigmans e t  a l .  [ 7 ]  a l s o  obta ined  t h i s  r e s u l t  f o r  coconut char- 
c o a l  and a c t i v a t e d  pea t  cha r ,  r e spec t ive ly .  Consequently, t h i s  test 
a l s o  suppor ts  Eqn. ( 6 ) .  

Gadsby et  al. 

Data f o r  1 / R  vs. 1/[CO ] f o r  no CO in t h e  i n l e t  were a l s o  f i t  using 
2 a l i n e a r  r e g r e s s i o n  a n a l y s i s  and appear in Fig. 4. The d a t a  exh ib i t  a 

concave downward cu rva tu re  about t he  b e s t - f i t  lines. From r e p l i c a t e  
d a t a ,  t h e  r a t i o  of t h e  mean square  "linear-model" e r r o r  t o  t h e  mean 
square  exper imenta l  e r r o r  was ca l cu la t ed .  A s t a t i s t i ca l  F test  ind i -  
c a t e s  t h a t  t he  c u r v a t u r e  is not due t o  random exper imenta l  e r r o r .  Con- 
cave downward cu rves  f o r  p l o t s  of 1 / R  vs .  1/[CO ] with no CO in t h e  
i n l e t  can a l s o  be d i sce rned  [9] in t h e  da t a  of f y l e r  and Smith [51, 
Gadsby e t  a l .  [ 2 ] ,  and in d a t a  from our l abora to ry  f o r  coconut char  
(101. Turkdogan and Vin te r s  [ 8 ]  found t h e i 6  s a s i f i c a t i o n  r a t e s  f o r  no 
CO in t h e  i n l e t  t o  be p ropor t iona l  t o  [COP] * 

[CO 1 .  
i t  2s not c o n s i s t e n t  w i th  a cons t an t  f r a c t i o n a l  dependence over a wide 
[CO ] range. These and o t h e r  r e s u l t s  [6 ,10]  suggest t h a t  t h e  cur ren t  2 s i n g l e - s i t e  model must be modified. 

4. DISCUSSION 

over a 100 f o l d  change in 
Although Eqn. (1) allows a f r a c t i o n a l  o rde r  dependence on [C02], 

2 A s u i t a b l e  mod i f i ca t ion  involves  t h e  two-site adso rp t ion  of CO 
shown below [ 101 : 

E 
co + 2 c =l c* 

2 k-1 

c* 3 C ( 0 )  + C(C0) 

k- 2 

C(C0) :3 Cf + co 
k-3 

k 
C(0) 3 co, 

(7) 

* 
where C is t h e  two-s i te  su r face  complex. Temperature programmed * 
deso rp t ion  and i s o t o p i c  tracer experiments [3 ,11,12]  i n d i c a t e  t h a t  [C I 
and [C(CO)] a r e  probably small in comparison t o  [C(O)] and [C 1 dur ing  
g a s i f i c a t i o n .  
apply ing  t h e  s t e a d y  s t a t e  approximation t o  each su r face  spec ie s  w i l l  
y i e l d  t h e  fo l lowing  equa t ion  a f t e r  rearrangement [ l o ] :  

Thus, u s ing  t h e  same s i te  balance as in Eqn. ( 6 )  and 
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The preceding general equation can branch in two directions depending on 
the amount of CO. 

4.1 Case I :  Significant [ S I  

Since Rxn. (10) is irreversible, increasing [CO] is expected to 
decrease [C(O)] via the reverse of Rxns. (8) and (9). If [C(O)] becomes 
sufficiently small, then 

[Ctl >> [C(O)l. (12) 

Analysis of the first and second sets of bracketed terms in Eqn. (11) 
suggests that the sets are similar in magnitude. 
multiplying the first set of bracketed terms by [C(O)] and the second 
set by [C(O)][C ] will make the first term in Eqn. (11) negligible in 
comparison to tie second term. Since 

c 4  

Eqn.2(12) implies that 

R = m k [C(O)], 

Eqn. (11) yields 

m -~Ctl[CO21 klk2 
c k-1 

R =  

[ co2 1 k-gk-3 [CO] + - 2klk2 1 +- 
k3k4 k-lk4 

where k 
tion rack is much faster than CO 

has been assumed to be much larger than k2 (i.e., CO desorp- 2 decomposition rate). 2 
Eqn. (13) is of same form as Eqn. (1) with the following values for 

3: bl, b2, and b 

(14) 
k-2k-3 2k lk2 [Ct], b = -- , b =- 

klk2 b = m  -- 
1 c k-1 2 k3k4 3 k-lk4' 

Hence, for significant [CO], 1/R vs. 1/[C02] should be linear for con- 
stant [CO] and constant [CO]/[CO,], and 1/R vs. [CO] should be linear 
for constant [COz] as demonstrated previously. 
available, the previous single-site model and the proposed two-site 
model are indistinguishable with respect to the final rate expression. 
Moreover, both explain the available rate data. 

When sufficient [CO] i s  

The slopes and intercepts from Figs. 1-3 can be used to calculate 
values for m k4[Ct], mcklk [C ]/k-l, and mck-2k-3[Ctl/k 
intercepts og the 1/R vs. ?/[60,] plots at constant [CO? directly 
yielded m k [Ct] values. 

(Table 1). The 

These values also had the least error (95% c 4  
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confidence l i m i t s ) .  S imi l a r ly ,  t h e  s lopes  of t h e  1 / R  vs .  1/[CO 1 p l o t s  
a t  cons tan t  [CO]/[CO2] gave t h e  b e s t  m k k [Ct]/k-l va lues .  Values f o r  
k k m [C ] /k3  were ca l cu la t ed  from tfie’slopes of the  1 / R  vs.  [CO] 

chns tan t  [CO ] and using t h e  above va lues  f o r  k4mc[Ct] and 2 
klk2mc[Ctl/k-l. 

- 4.2 __-  Case 11: I n s i g n i f i c a n t  [%I 
I f  the  same assumption regarding the  r a t e  c o e f f i c i e n t s  i s  made as  

f o r  the  f i r s t  case  ( i . e . ,  k-l >> k 2 ) ,  and any term con ta in ing  [CO] is  
set t o  ze ro ,  Eqn. (11) y i e l d s  a f t e r  applying t h e  q u a d r a t i c  equat ion  
[ 101 : 

I f  we f u r t h e r  assume t h a t  k i s  much l a r g e r  than k ( i . e . ,  C(C0) r e a c t s  
wi th  C(0)  f a s t e r  than  i t  deszrbs from the  ~ u r f a c e ) , ~ t h e n  i t  i s  reason- 
a b l e  t o  presume t h a t  

k k  I v 2 k 4 k - 2  1 2  
[CO21 >> - [ C O 2 1 ,  \ I  k-lk3 k-l 

and 

L 

2 Applying Eqn (16 )  and a l s o  assuming t h a t  k i s  smal l  compared t o  t h e  CO 
term under t h e  square  root  s ign  i n  Eqn. ( l? ) ,  w e  f i n d  t h a t  t h e  r eac t ion  
r a t e  has a square  r o o t  dependence on [CO,]: 

This pred ic ted  square  root  dependency i s  c o n s i s t e n t  wi th  t h e  r e s u l t s  of 
Turkdogan and Vin te r s  [SI with no CO i n  t h e  inl&F5 Moreover, t h e  Saran 
char  da t a  demonst ra tes  good l i n e a r  R vs.  [ C 0 2 ]  p l o t s  wi th  t h e  a n t i -  
c ipa t ed  negat ive  i n t e r c e p t  when no CO i s  p resen t  i n  t h e  i n l e t  gases 
(F ig .  5). However, a s l i g h t  concave upward cu rva tu re  can be d iscerned  
i n  a l l  t h e  p l o t s .  To test the  a b i l i t y  of Eqn. (15) t o  account f o r  t h i s  
depa r tu re  from l i n e a r i t y ,  w e  f i t  t h e  d a t a  wi th  t h e  fo l lowing  equat ion:  
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Parameters d and d were f ixed  with va lues  from Table 1. Parameters 
d l ,  d3, d4,  ind  d were determined by a non-linear r eg res s ion  a n a l y s i s  
us ing  Marquardt’s method. 
and d4 and compared t o  the  va lues  i n  Tat& 1‘; Table 2 demonstrates t h e  
agreement. 1 s t i l l  y ie lded  almost i d e n t i c a l  va lues  f o r  k m [C 1.  This agreement Sup- 
p o r t s  t h e  proposed two-site model. 

5. CONCLUSIONS 

5 
6 

Parameters d 

Values f o r  k m [C 1 can be c a l c u l a t e d  from d l  

and d4 were not  cons t ra ined  i n  any way, but 

4 c  t 

Proposed models f o r  g a s i f i c a t i o n  by C02 should account f o r  t h e  f o l -  
lowing experimental  observa t ions  obta ined  i n  t h i s  i n v e s t i g a t i o n  and t h e  
l i t e r a t u r e :  

1. 

2. R vs [CO i s  near - l inear  f o r  no CO i n  t h e  i n l e t  and d i f f e r e n -  

1 / R  vs. [CO] i s  l i n e a r  f o r  cons tan t  [CO,]. 

2 t i a l  r e a c t i o n  cond i t ions  ([CO] - 1 kPa).  

i n l e t  ([CO] -’lo kPa). 
3. 1 / R  vs. 1/[CO ] i s  l i n e a r  f o r  h igher  concen t r a t ions  of CO i n  the  

The model proposed he re  t o  account f o r  t hese  obse rva t ions  invo lves  a 
two-site adsorp t ion  and d i s s o c i a t i o n  of C02 on t h e  su r face .  
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Figure 2. Test of  Eqn. ( 6 )  f o r  Saran Char with [CO]/[CO ] % 0.25. 
0 - 1189 K, fl - 1206 K, A - 1217 K, V - 1229 E?. 
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Figure 3 .  Test of qn. (6) f o r  Saran Char w i t h  [CO ] 2, 60 kPa 
(6 X lo-' m o l l l , ) .  V - 1189 K, 0 - 1206 6, 0 -1217 K, 
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Figure 4 .  Test of  qn. (6) f o r  Saran Char wi th  [CO] % 1 kPa 
(1 X lo-' mol/i). V - 1189 K, 0 - 1206 K. - 1217 K, 
A - 1229 K. 
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Figure 5 .  Test of Eqn. (17) f o r  Saran C h a r  w i t h  [CO] ?r 1 kPa (1 X loe4 
m o l / e ) .  V - 1189 K ,  0 - 1206 K, 0 -  1217 K, A - 1229 K. 

Table 1. Experimental Values f o r  Rate Coeff ic ient  Ratios. 

1189 1.07 f. 0.46 0.55 2 0.18 0.71 2 0.64 

1206 2.09 2 0.72 1.15 * 0.32 1.77 t 1.32 
1217 2.75 2 0.86 1.27 f. 0.34 1.82 f. 1.24 

1229 3.78 f. 1.52 1.85 0 .43  2.64 2 2.00 

Table 2 .  Comparison o f  mck4[Ct](-& X IO7) Values. 

Temp., K mck4[Ctl from Table 1 mck4[Ct] from d l  mck4[Ct] from d4 

1189 1.07 5 0 .46  1.06 (0.77-1.29) 1.08 (0-1.28) 
1206 2.09 5 0.72 2.44 (1.82-2.94) 2.45 (1.70-2.82) 

1217 2.75 0.86 2.80 (2.72-2.87) 2.80 (2.72-2.88) 
1229 3.78 % 1.52 3.52 (3.10-3.89) 3.52 (3.00-3.87) 
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KINETIC AND MECHANISTIC ASPECTS OF CO2 GASIFICATION ON ALKALI TREATED CARBON 

C. T. R a t c l i f f e *  
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Route 22 East, Annandale, N. J .  08801 

In t roduc t i on  

Whi le  c a t a l y s i s  o f  C02 g a s i f i c a t i o n  o f  carbon or coal chars by a l k a l i  
metals has been t h e  sub jec t  o f  many i n v e s t i g a t i o n s  (1). t he  s t a t e  of t he  c a t a l y s t  
s i t e  dur ing g a s i f i c a t i o n  and t h e  mechanism invo lved  i n  t h e  r a t e  l i m i t i n g  s tep have 
y e t  t o  be resolved. An inhe ren t  problem i n  cata lyzed gas-so l id  reac t i ons  a t  t h e  
requ i red  h igh  temperatures i s  t h e  i n a b i l i t y  t o  separate the  reac t i on  i n t o  d i s c r e t e  
steps which can be monitored under i s o t h e r m 1  reac t i on  condi t ions.  The approach 
taken  i n  t h i s  study has been t o  decouple the  r e a c t i o n  i n t o  th ree  steps: c a t a l y s t  
a c t i v a t i o n ,  C02 chemisorpt ion and react ion/desorpt ion,  w i t h  on l y  the  adsorpt ion s tep 
examined under isothermal  condi t ions.  The s t rong  chemisorption o f  C02 on the rma l l y  
ac t i va ted  potassium s i t e s ,  which showed s i m i l a r i t i e s  v ia  our  MAS-NMR ana lys i s  t o  t h e  
e l e c t r o s t a t i c a l l y  he ld  CO on a l k a l i  t r ea ted  A1203 or Si02-A1203 c a t a l y s t s  as 
repor ted by Krupay e t  a l .  [Z), Sefc ik  e t  a l .  (3.4) and Barrer  e t  a l .  (5) has al lowed 
t h e  populat ion o f  a c t i v e  s i t e s  t o  be measured by the  q u a n t i t y  o f  C02 t h a t  
i r r e v e r s i b l y  chemisorbed a t  3OOOC on t h e  a c t i v e  sur face (6) .  The s t a t e  o f  t h i s  
i n te rmed ia te  i s  s i m i l a r  t o  the  t y p e  suggested much e a r l i e r  by Long and Sykes ( 7 )  and 
more recen t l y  by Mims and Pabst (8), but  i n  disagreement w i t h  a mechanism i n v o l v i n g  
K2C03 format ion and subsequent reduc t i on  t o  the metal as proposed by McKee (9) and 
Vera and B e l l  (10). 

The o b j e c t i v e  o f  t h i s  study has been t o  examine the  thermochemical 
r e a c t i o n ( s )  o f  each adsorbed C02 complex w i t h  an atom o f  carbon on the  sur face t o  
even tua l l y  y i e l d  two molecules o f  CO. Isotope l a b e l l e d  13C02 has been adsorbed on 
t h e  a c t i v e  s i t e s  so t h a t  t h e  reac t i on  chemist ry  o f  Cop w i t h  t h e  carbon l a t t i c e  cou ld  
be monitored by Temperature Programmed Desorption (TPD) w i t h  t h e  carbon labe l  
d i f f e r e n t i a t e d  by mass s p e c t r a l  examination o f  t h e  products. While t h e  TPD ana lys i s  
technique has been p r i m a r i l y  employed f o r  examining desorpt ion o f  s i n g l e  c r y s t a l  
c a t a l y s t  sur faces ( l l ) ,  t h e  technique can be app l i ed  t o  porous c a t a l y s t  ma te r ia l s  
w i t h  proper precaut ions (12). I f d i s c r e t e  desorpt ion s ta tes  can be i d e n t i f i e d ,  
d e t a i l s  of  t he  k i n e t i c s  o f  desorpt ion process can be obta ined (13). Feats and Keep 
have examined g r a p h i t e  ( thermal  or r e a c t o r  i r r a d i a t e d )  a f t e r  COP or O2 adsorpt ion by 
TPD and found d i s c r e t e  s t a t e s  f o r  desorpt ion o f  CO and C02 (14). L inear  TPD 
a n a l y s i s  and a step-TPD technique were s tud ied by Tremblay e t  a l .  t o  determine the  
energet ics  of oxygen remove1 as CO from non-catalyzed carbons. These authors 
summarized t h e i r  r e s u l t s  w i t h  two major points ;  more than  one func t i ona l  group i s  
present  on carbon and t h e  a c t i v a t i o n  energies f o r  these complexes must be a 
d i s t r i b u t e d  func t i on  (15). F r e r i c k s  has repor ted TPD spect ra f o r  C02 and H20 on 
potassium doped carbon samples but t h e  spect ra were no t  analyzed f o r  k i n e t i c  
i n f o r m a t i o n  (16). 

* Present Address: Union O i l  Company o f  C a l i f o r n i a ,  Science and 'Technology 
D i v i s i o n ,  P. 0. Eox 76, Erea, C a l i f o r n i a  92621 
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Oiscrete desorpt ion s ta tes  f o r  13- label led CO and l a t t i c e  carbon der ived 
CO have been obtained i n  t h i s  study by TPO a t  one atmosphere i n  a f l ow ing  i n e r t  gas 
stream. Analysis o f  the TPD spect ra by the methods o u t l i n e d  by Redhead, Cvetanovic 
and Amenomiya and Taylor and Weinberg are presented (11,13,17). 

EXPERIMENTAL 
Samples and Reagents 

Spherocarb, a low ash form o f  ac t i va ted  carbon w i t h  a sur face area o f  800 
m2/g, was purchased from Analabs Inc., New Haven, Connecticut. Isotope l a b e l l e d  

13C02 (98% 13C) was purchased from Isotec, Inc.. Cen te rv i l l e .  Ohio, w i t h  t h e  
percentage isotope labe l  v e r i f i e d  by M.S. analys is .  A h igh  p u r i t y  source o f  He 
(99.9999%) was used as a c a r r i e r  gas i n  a l l  experiments. The He stream was passed 
through a heated t r a p  con ta in ing  Cu tu rn ings  f o r  O2 removal fo l lowed by molecular  
s ieve t raps  t o  i nsu re  H20 removal. The p u r i t y  o f  He was found t o  be c r i t i c a l  i n  
adsorpt ion/desorpt ion runs on carbon and was checked p e r i o d i c a l l y  by v e r i f y i n g  a 
constant weight o f  carbon i n  the TGA/DSC a t  e levated temperatures (8OOOC) wh i l e  
f lowing a He stream f o r  2-3 hour period. 

Potassium carbonate was purchased from B&A Chemicals (reagent grade). 
Aqueous s o l u t i o n  o f  K2CO3 were used t o  impregnate Spherocarb samples w i t h  the  volume 
o f  the aqueous s o l u t i o n  equated t o  the quan t i t y  o f  mois ture requ i red  t o  f u l l y  wet 
the  surface but not a l l ow  excess s o l u t i o n  (method o f  i n c i p i e n t  wetness). A f t e r  
impregnation. samples were d r i e d  t o  60-70°C i n  a vacuum oven and sealed i n  glass 
conta iners under i n e r t  atmosphere. 

Isothermal adsorpt ion and temperature programmed desorpt ion runs were 
performed i n  a M e t t l e r  2000C TGA/OSC Analyzer. The balance p la t form,  sample 
c r u c i b l e s  and chamber were const ructed o f  a-alumina w i t h  no a r t i f a c t s  i n  adsorpt ion 
o f  desorpt ion noted i n  blank runs. Analysis o f  the e x i t  gas was performed w i t h  a 
UTI model 100 mass spectrometer t h a t  was i n t e r f a c e d  w i t h  a Spectra Link u n i t  t o  a 
M l N C  1123 labo ra to ry  computer. M u l t i p l e  i ons  could be monitored on a continuous 
bas is  du r ing  TPD runs. I n  a t y p i c a l  run, e i g h t  amu valves were monitored i n  a 
c y c l i c  manner i n  which data for  each mass u n i t  was c o l l e c t e d  f o r  one second w i t h  a 
t o t a l  cyc le  comprising about ten seconds. I n  t h i s  manner, a s u f f i c i e n t  number o f  
counts could be obtained f o r  each ion  t o  prov ide an accurate r a t i o  o f  p a r t i a l  
pressures wh i l e  the frequency o f  c y c l i n g  was f a s t  enough t o  gain peak temperatures 
(Tp) fo r  CO and COP fragments at  programming ra tes  up t o  0.5 K/sec. A small p o r t i o n  
(5-10%) o f  t h e  e x i t  f l ow  from the reac t i on  chamber was d i f f e r e n t i a l l y  pumped through 
a c a p i l l a r y  tube t o  minimize l a g  t ime t o  the  M.S. chamber. The f l ow  pat tern,  as 
o u t l i n e d  on F igure #1, was designed t o  minimize readsorpt ion du r ing  TPO experiments 
(12). 

Adsorption o f  C02 was always performed w i t h  90% He d i l u t i o n .  Samples o f  
K2C03-Spherocarb were precondi t ioned by heat ing t o  850'C i n  an i n e r t  gas f l ow  p r i o r  
t o  the adsorption/TPO study. A f t e r  an isothermal temperature was establ ished,  the 
adsorpt ion was c a r r i e d  out a t  6OoC fo l lowed by a per iod o f  approximately one hour t o  
purge t h e  chamber o f  res idua l  C02. 

RESULTS AND DISCUSSION 
Product Formation and Isotope D i s t r i b u t i o n  

The p r o f i l e  o f  desorbed products, as shown i n  Figures 2 and 3, i d e n t i f i e s  
Desorption of cO2 can a l so  be detected i n  much th ree  reg ions o f  desorpt ion f o r  CO. 
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l ower  concentrat ions w i t h  a low temperature peak centered at  17OOC and a broad 
desorpt ion peak at  5OOOC. The C-13 labe l  on adsorbed CO2 r e a d i l y  d i f f e r e n t i a t e s  t h e  
source of carbon f o r  both CO and C02. Desorpt ion o f  CO w i th  mass 29 i s  c l e a r l y  
present i n  peaks a t  200°, 490°, and 685', wh i le  mass 28 (CO from l a t t i c e  carbon) i s  
o n l y  observed i n  t h e  75OoC peak. Only l a b e l l e d  C02 (mass 45) can be seen i n  the  
desorp t ion  spectra. The l a c k  o f  coincidence i n  desorp t ion  s ta tes  ~ o ~ - ~ ~ C O  or l2C0 
should be noted as i t  ind i ca tes  d i s t i n c t  desorp t ion  processes. Adsorpt ion of  C02 a t  
isothermal temperatures f rom 25-100'C had no e f f e c t  on the  r e l a t i v e  r a t i o  of 
products o r  t he  peak maxima. Higher temperature adsorpt ion o f  COP decreased t h e  
c o n t r i b u t i o n  o f  t h e  lower temperature s ta tes  i n  t h e  TPD spectrum. Continued 
evo lu t i on  o f  CO above 8OOOC i s  a l so  evident i n  a l l  the  spectra. Removal of t i g h t l y  
bound oxygen i n  chars i s  known t o  requ i re  very h igh  temperatures (lOOO°C i n  vacuum) 
(18,19) i n  add i t i on  t o  e v e n t u a l l y  v o l a t i l i z i n g  the  a l k a l i  metal (20). The chemistry 
i n  t h i s  temperature reg ion  was not examined as i t  i s  not re levant  t o  the  c a t a l y t i c  
reac t ion .  

Continued c y c l i n g  o f  C02 adsorp t ion  a t  25OC o r  100°C fol lowed by TPD 
programming t o  800-850°C demonstrated t h e  reproduc ib le  s to ich iomet ry  of t h e  
Boudouard reac t i on  as monitored dur ing  each cyc le  w i t h  the TGA u n i t :  

co2(44 amu) + C(12 amu) + 2C0 (56 amu). 

Thus, separat ion o f  t he  adsorp t ion  process and the  subsequent thermal desorp t ion  
i n t o  separate steps al lowed gas i f i ca t i on  t o  be performed on a "one tu rnover "  per  
c y c l e  basis. That i s ,  f o r  each a c t i v e  s i t e  tha t  chemisorbed one molecule of COe, 
one atom o f  l a t t i c e  carbon was reacted dur ing  the  TPD process t o  y i e l d  two molecules 
of CO. The quan t i t y  of adsorbed C02 could r e a d i l y  be con t ro l l ed  by in t roduc ing  a 
l i m i t e d  amount o f  C02 i n t o  the gas stream and observing the  weight gain w i t h  t h e  
TGA. Thus the  e f f e c t  of  desorp t ion  a t  d i f f e r e n t  load ing  l e v e l s  could be q u a n t i f i e d  
w i t h  the measured weight o f  adsorbed C02 and desorbed CO as known grav imet r ic  values 
and the  iso tope c o n t r i b u t i o n  determined from the  area under the  mass spec t ra l  
p ro f i l es .  The TPD p r o f i l e s  i n  Figures 2-4 correspond t o  desorp t ion  o f  a f u l l  
s a t u r a t i o n  o f  chemisorbed s i t e s  (0.6 s i tes /mole  o f  K CO impregnated). A dec l ine  i n  
t h e  t o t a l  mass o f  desorbed I 3 C O  as compared t o  '*CO wi th lower load ings  was observed 
upon i n t e g r a t i n g  the  area under the  respec t ive  M.S. p r o f i l e s  shown i n  Figures 2 and 
4. A s i m i l a r  decrease i n  the  r a t i o  o f  13CO/12C0 was noted w i th  equal coverages o f  
C02 bu t  decreasing ramping rates.  Readsorption o f  13C0 a f t e r  i t s  re lease from lower 
energy b ind ing  s ta tes  appears probable from these r e s u l t s  w i t h  a v i sua l  i l l u s t r a t i o n  
o f  t he  dec l ine  i n  13C0 w i t h  lower load ing  shown i n  Figure 4. 

Adsorpt ion o f  C02 at elevated isothermal temperatures was examined up t o  
500OC. TPD ana lys is  o f  t h e  surface a f t e r  adsorp t ion  a t  e levated temperatures showed 
a dominance of CO desorp t ion  i n  t h e  an t i c ipa ted  700Y region, w i t h  l i t t l e  
c o n t r i b u t i o n  from t h e  lower states.  

Determinat ion of Rate Parameters v i a  TPD Ana lys is  

I n t e r p r e t a t i o n  o f  TPO spectra a l lows t h e  a c t i v a t i o n  energy, frequency 
f a c t o r  and order o f  a process t o  be determined as the  shape o f  the  peaks and t h e  
p o s i t i o n  of t he  peaks maxima bear a fundamental r e l a t i o n s h i p  t o  the  desorp t ion  
process (11-13). 

Data obtained from TPD spectra w i t h  va r iab le  surface coverage was analyzed 
f rom the bas ic  equation, 

2. 3 
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n = reac t i on  o rde r  
C = sur face conc. 
V = frequency f a c t o r  
Ed = a c t i v a t i o n  energy 
T = peak desorp. temp. P 
6 = ramping r a t e  

Rearrangement o f  t h i s  equat ion reveals  t h e  dependence 
concentrat ion on tenpera tu re  as a f u n c t i o n  o f  reac t i on  order. 

o f  sur face 

Ed Ed cn--l=exp. - . - 
RTP R T ~ ~ V ~  

I f  l i t t l e  change i n  the  energy o r  frequency f a c t o r  i s  assumed as a f u n c t i o n  o f  
loading l eve l ,  t he  r e l a t i v e  s h i f t  o f  Tp as a f u n c t i o n  o f  C w i l l  a l l o w  a 
determinat ion o f  the reac t i on  order. The temperature o f  the desorpt ion peak f o r  
l a t t i c e  de r i ved  carbon ( 1 2 C )  remained constant i n  the  reg ion o f  sur face coverages 
used i n  t h i s  study (40-100%) and thus represented t e p r o f i l e  o f  a f i r s t  order  
desorpt ion process. The th ree  desorpt ion peaks f o r  '$0 (der ived f rom 13C02) a l s o  
showed constant  T values a t  sur face coverages i n  t h e  range mentioned above as shown 
i n  F igure #3 w h i c i  i s  cons i s ten t  w i t h  f i r s t  order  desorpt ion processes. 

TPD experiments were a l s o  performed a t  constant  sur face coverage values o f  
CO2,  as measured w i t h  t h e  thermal balance, and a t  v a r i a b l e  heat ing ra tes  o f  0.5 
K/scc. t o  0.033 K/sec. Surface coverages above 80% were used i n  a l l  cases. 
Analysis o f  the a c t i v a t i o n  energies and preexponential f a c t o r s  could be determined 
from the  l o g  form o f  equation (1)  as mass t r a n s f e r  problems were n o t  a n t i c i p a t e d  
based on t h e  design parameters o f  Gorte (12) and the  e f f e c t  o f  readsorp t i on  on t h e  
preexponential term was small compared t o  the e r r o r  i n  the i n t e r c e p t  under the  
cond i t i ons  o f  t h i s  study (21). Adsorption o f  CO on t h i s  surface had a l s o  been shown 
by independent s tud ies  t o  be a non-act ivated process, t hus  AH = Ed. 

(3) 
Ed VnR 

In@ 'RS; - In- E d  
2 1nT - 

P 

The values o f  Tp were obta ined from bo th  the m ss spec t ra l  p l o t  and the  DTGA peak 
from t h e  weight l oss  p r o f i l e .  Desorption o f  "CO i n  t h e  h igher  temperature reg ion 
requi red dependence on on ly  t h e  M.S. values as the d e r i v a t i v e  weight l o s s  peak 
(DTGA) usua l l y  appeared as a shoulder on t h e  l a r g e r  "CO peak. The s e r i e s  o f  M.S. 
spectra generated from t h e  desorpt ion o f  m/e = 28 a t  d i f f e r e n t  6 values i s  shown i n  
F igure 5. The values o f  Tp, which requ i red  a temperature c o r r e c t i o n  f o r  heat 
t ranspor t  e f f e c t s ,  were u t i l i z e d  t o  c a l c u l a t e  parameters f o r  a c t i v a t i o n  energ ies and 
fac to rs .  The desorpt ion energy f o r  t h e  lower temperature re lease o f  13C0, as shown 
i n  Figure 6, ga e a va lu  of 45 f 3 Kcal/mole w i t h  a frequency f a c t o r  o f  4 x 
Desorption o f  "CO and "CO a t  t h e  h ighe r  temperature reg ion revealed h ighe r  energy 
values of 73 f 3 Kcal/mole and 72 i 5 Kcal/mole, respec t i ve l y  w i t h  frequency f a c t o r s  
o f  1015-1016 range f o r  b o t h  processes (see F igures 7,8). The temperature dependence 
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p l o t  f o r  l2C0 i n  F igure 7 d i sp lays  the  experimental values f o r  DTGA and M.S. derived 
values of Tp wh i l e  F i g u r e  6 and 8 were taken from mass spec t ra l  p r o f i l e s .  

Energetics and Mechanism o f  CO Formation and Desorption 

Exothermic adsorpt ion o f  C02 on d i s c r e t e  a l k a l i  con ta in ing  s i t e s  resu l t s  
i n  t h e  format ion o f  a C02 con ta in ing  complex t h a t  appears s tab le  up t o  400OC. The 
chemical s h i f t  o f  13 l a b e l l e d  carbon (from adsorbed COP) by MAS-NMR . c l ea r l y  showed 
t h a t  K CO and KHC03 have no t  formed, but t h e  sur face in termediate appears t o  be 
"carbo:ate3" i n  nature. Temperature programed desorpt ion up t o  4OOOC i n  t h i s  study 
revealed no enthalpy changes as noted w i t h  the  DSC probe, prec lud ing any chemical 
change i n v o l v i n g  gain o r  l oss  o f  energy although CO and COP evo lu t i on  from weakly 
he ld  s i t e s  occurred a t  200OC. Thus, t he  breaking o f  the C02 complex on a potassium 
s a l t  t rea ted  carbon sur face t o  t r a n s f e r  oxygen and the desorption o f  CO appear t o  
occur as a s i n g l e  endothermic process a t  400'C. This t r a n s f e r  o f  oxygen and 
desorpt ion of CO must probably i s  cata lyzed by t h e  potassium s i t e .  Bonner and 
Turkevich (22), Lang and Magnier (23) and Tonge (24) have independently studied the 
t r a n s f e r  o f  oxygen from C02 t o  d i f f e r e n t  forms o f  non-catalyzed g raph i te  o f  
carbon. Desorption o f  CO was found t o  occur a t  temperatures as low as 450'C (Tonge) 
although the r a t e  o f  exchange o f  oxygen from C02 t o  carbon was very low 1700 hrs 
f o r  completion a t  500'C) and the  sur face coverage was minimal ( 7  x lo-' C atom 
s i tes /C  atom). The i n a b i l i t y  t o  desorb a l l  t he  l a b e l l e d  13C0 i n  t h i s  study at  the 
4OOOC endothermic t r a n s i t i o n ,  e i t h e r  due t o  readsorpt ion o f  CO or  t he  presence o f  
more than one type o f  s i t e ,  precludes any statement from t h i s  study c la im ing  a 
s i n g l e  event for t h e  f i r s t  s tep i n  the  c l a s s i c  mechanism o f  C02 g a s i f i c a t i o n  as 
o u t l i n e d  by Long and Sykes (25), where (0) re fe rs  t o  an adsorbed oxygen on the 
carbon surface. 

co2 + (0 )  t co 
c t (0 )  + co 

The demonstrated a b i l i t y  o f  K-Spherocarb t o  chemisorb CO, w i t h  eventual desorpt ion 
o f  t h e  ma jo r i t y  o f  t h e  oxygen from a h igher  d i ssoc ia ted  s ta te ,  places more emphasis 
on t h e  t h i r d  step i n  above mechanism o f  g a s i f i c a t i o n  as shown below: 

i 

J 
co c-' (CO). 

While readsorption o f  CO was not found t o  be s i g n i f i c a n t  i n  the k i n e t i c  study w i t h  
carbon (8.25) i t  may be important w i t h  potassium t r e a t e d  carbon. The desorpt ion 
energy f o r  t he  removal o f  CO a t  49OOC from K-Spherocarb v ia  TPD ana lys i s  i n  t h i s  
study (45 3 Kcal/mole) w i t h  a frequency f a c t o r  of 1 0 l 2  represent a considerably  
more f a c i l e  process than  the i n i t i a l  t r a n s f e r  process o f  Long and Sykes (a)  f o r  
ext racted charcoal (Eact = 68, V = 3 x 10') o r  f o r  the o r i g i n a l  charcoal (Eact = 
58.8 Kcal, V = 6 x lo8) (8). Our s tud ies o f  CO adsorpt ion on K-Spherocarb showed a 
non-activated process ( t h u s  AHdesorp. = Eact ) ;  the lower a c t i v a t i o n  energy and 
h ighe r  pre-exponential f a c t o r  t h e r e f o r e  represent t h e  c a t a l y t i c  a c t i v i t y  o f  
potassium i n  t h i s  f i r s t  step (a). The low temperature t r a n s i t i o n  f o r  release o f  
oxygen on a l k a l i  t r e a t e d  carbon surfaces i s  cons i s ten t  w i t h  e a r l i e r  oxygen exchange 
s tud ies  (19-22) i n  a d d i t i o n  t o  the aforementioned work by Long and Sykes (8,25). 

The energet ics  and isotope d i s t r i b u t i o n  o f  CO adsorption s tates a l lows 
add i t i ona l  i n s i g h t  on the  nature o f  t he  sur face complexes. The re lease o f  CO above 
600°C involves separate and d i s c r e t e  s i t e s  f o r  l a t t i c e  der ived carbon and C02 
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der i ved  carbon as d i s t i ngu ished  by t h e  carbon i so tope  labe l .  The r e l a t i v e  increase 
i n  the  q u a n t i t y  o f  13C0 desorbed i n  t h e  600-7OO0C reg ion  w i t h  a decrease i n  coverage 
o f  adsorbed 13C02 i s  cons is tent  w i t h  p r e f e r e n t i a l  bonding t o  t h i s  s i t e  ( e i t h e r  
d i r e c t l y  or by readsorpt ion)  vs the  weaker s i t e s  desorb in a t  490 and 200'C. As the  
t o t a l  q u a n t i t y  o f  desorbed 13C0 i s  s i m i l a r  t o  desorbed p2C0, and much g rea te r  than 
the p red ic ted  q u a n t i t y  o f  l a t t i c e  carbon exposed on the  h igher  sur face area 
Spherocarb, t he  l a b e l l e d  carbon must be e i t h e r  bonded t o  o r  i n  c l  se p r o x i  i t y  t o  an 
oxygen atom. The s i m i l a r i t y  o f  the desorpt ion enthalpy f o r  "CO and '2C0 above 
6OOOC a lso  impl ies a s i m i l a r  form o f  bound in termediate,  although t h e  desorpt ion 
p r o f i l e  always revealed 13C0 e v o l u t i o n  a t  a lower  temperature than l2C0. The h igh 
a c t i v a t i o n  energy f o r  t he  above processes i s  equal o r  greater  than values repor ted 
fo r  CO release by o the rs  from non-catalyzed carbon system. The va lue o f  59 Kcal 
repor ted by Ergun (26,27) on th ree  d i f f e r e n t  carbons (Ceylon Graphite, ac t i va ted  
g raph i te  and a c t i v a t e d  carbon) and t h e  value o f  67 Kcal f o r  g raph i te  repor ted by 
Tyso (28) e t  a l .  were obta ined under c o n t r o l l e d  d i f f e r e n t i a l  f l o w  condi t ions.  
A recent  steady s t a t e  k i n e t i c  i n v e s t i g a t i o n  by Freund (29) has shown an a c t i v a t i o n  
energy o f  58 t 3 Kcal f o r  C02 g a s i f i c a t i o n  o f  cata lyzed and non-catalyzed carbon 
samples . 

The h igher  energy values obta ined i n  t h i s  TPO i n v e s t i g a t i o n  as compared t o  
steady s t a t e  k i n e t i c  r e s u l t s  i s  probably  no t  due t o  CO i n h i b i t i o n  problems as they 
have been accounted f o r  i n  the  above quote s tud ies.  The i n a b i l i t y  t o  measure 
accurate reac t i on  bed temperatures du r ing  t h e  endothermic g a s i f i c a t i o n  presents  a 
more p l a u s i b l e  explanation. The temperature values obta ined i n  our  TPD study, 
despi te  the small sample s i z e  and low concentrat ion o f  adsorbed C02, requ i red  a 
c o r r e c t i o n  a t  h igher  temperatures due t o  t h e  endotherm o f  C O  desorpt ion.  The actual  
temperature o f  our desorpt ion peaks- were co r rec ted  w i t h  f a c t o r s  determined from DSC 
measurement o f  t he  m e l t i n g  o f  metals ( a l s o  an endothermic process) a t  t h e  desorpt ion 
temperature. Local ized coo l i ng  o f  t h e  bed du r ing  any steady s t a t e  k i n e t i c  run  would 
a l s o  r e s u l t  i n  a r t i f i c i a l l y  h igh  temperatures from a thermocouple va lue which would 
lower the  value o f  t h e  ca l cu la ted  a c t i v a t i o n  energy from a r e a c t i o n  r a t e  vs. 
rec ip roca l  temperature p l o t .  

CONCLUSIONS 

Isotope l a b e l l e d  TPD under one atmosphere i n e r t  gas f l ow  has prov ided a 
method o f  decoupling a l k a l i  cata lyzed g a s i f i c a t i o n  i n t o  steps. D i s t i n c t  desorpt ion 
s t a t e s  f o r  CO have been i d e n t i f i e d  which he lp  exp la in  t h e  mechanism o f  C02 
i n t e r a c t i o n  w i t h  the  a l k a l i  cata lyzed carbon surface. The r a t e  l i m i t i n g  s tep has 
been shown t o  i nvo l ve  removal o f  l a t t i c e  carbon as CO. As t h e  a c t i v a t i o n  energy f o r  
t h i s  s tep does no t  appear t o  be lowered by potassium, a l k a l i  serves as a c a t a l y s t  by 
i nc reas ing  the  number o f  a c t i v e  s i t e s  i n  C02 g a s i f i c a t i o n  of carbon and exchanging 
oxygen from C02 t o  t h e  carbon surface. 
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Cylinders 

N, 0. CO, SO, 

T y l a n  Flow 
Controllers 

tor  T G A I D S C  

He + Gas Reactant  

Figure #I .  M e t t l e r  200K Thermal Analysis u n i t  equipped w i t h  gas flow c o n t r o l  
system and on- l ine  M.S. analys is  system. 

Temperature ("C) 

Figure Y2. P r o f i l e  o f  mass i n t e n s i t y  for evolved lk0 (mp.29) and 1%O(m/e=28), 
temperature programing r a t e  of 0.5 K/s, K-treated Spherocarb powder 
w i t h  'k0, adsorbed ( e  I 1001) a t  6OoC. 
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555 520 685 25 

Figure 13. P r o f i l e  o f  mass i n t e n s i t f e s  for  evolved 1 3 ~ 0 ~ ( ~ / ~  = 45).and 
'%02(m/e = 44). In tensi ty  scale  magnified 7 . 5 ~ .  same run as Figure 12. 

Figure 14. P r o f i l e  of mass i n t e n s i t y  f r evolved 13C0 (m/e = 29) a t  d i f ferent  
l o a d i n g  l e v e l s  (e i n  X)  of  'b,. 1. 6Z. 2, 161. 3, 52%. 4, 76%. 5, 
1001. 
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Figure 15. f’rofile of mass intensities for “CO desorption (m/e = 28) at different 
ramping rates ( 6 )  1, 0.083K/sec. 2. 0.125K/sec. 3. 0.167K/sec. 4. 
0.0333K/sec. 5, 0.5 Klsec. 
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Figure t 6 .  Plot of  I3CO desorption values from 420-500°C peak, AH from slope 45f3 
Kcal/mole. V1 = 4 ~ 1 0 ~ ~ .  
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Figure .17 .  P lo t  of “CO desorption v lues  from. 69OoC-75O0C peak, AH from slope 
73 i3  Kcal/mole, V1 = 2~10~ ’ .  
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Figure 18. P lo t  of 13C0 desorption alues from 65O’-69O4C peak, AH from slope - 
725 Kcal/mole. V1 - 2 ~ 1 0 ~ ~ .  
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Tucson A2 05721 

INTRODUCTION 

The c a t a l y t i c  e f f e c t  o f  a l k a l i  metals on  t h e  g a s i f i c a t i o n  r a t e  Of  
carbonaceous m a t e r i a l s  has  been t h e  s u b j e c t  of a number o f  s t u d i e s  i n  r e c e n t  
y e a r s  (1-16).  Desp i t e  t h e s e  e f f o r t s ,  t h e  a c t i v e  form of t h e  c a t a l y s t  d u r i n g  
g a s i f i c a t i o n  a n d  t h e  e f f e c t s  o f  c a t a l y s t  l o s s  r e m a i n  u n c l e a r .  T h e  
understanding of t h e  r e d u c t i o n  o f  a l k a l i  m e t a l  c a t a l y s t s  f r o m  i t s  i n i t i a l  
o x i d i z e d  fo rm and t h e  i d e n t i f i c a t i o n  o f  t h e  r e d u c e d  fo rm a r e  n e c e s s a r y  
r e q u i s i t e s  f o r  determining t h e  r e a c t i o n  mechanism. Experimental  o b s e r v a t i o n s  
from t h i s  l a b o r a t o r y  c l e a r l y  . i nd ica t e  t h a t  cata!.yst loss occur s  s imul t aneous ly  
with t h e  r educ t ion  ( 1 2 ) .  I n  a d d i t i o n ,  t h e  r a t e  of c a t a l y s t  l o s s  from t h e  
s u r f a c e  i s  d i r e c t l y  i n f l u e n c e d  by t h e  r e d u c e d  fo rm i t  t a k e s .  The p r e s e n t  
s t u d y  p r o v i d e s  i n s i g h t  i n t o  t h i s  s u b j e c t  by e x a m i n i n g  t h e  r e d u c t i o n  of  
p o t a s s i u m  c a r b o n a t e  on  t h e  s u r f a c e  of a p u r e  c a r b o n  s u b s t r a t e  a n d  t h e  
accompanying phenomenon of c a t a l y s t  loss. 

EXPERIMENTAL 

An uncoated g r a p h i t i z e d  carbon from Supelco2 6 0 / 8 0  Carbopack  B (180-250 
p), with a s u r f a c e  a r e a  of approximately 100 m /g was u s e d  a s  t h e  s u b s t r a t e  
i n  t h i s  s tudy .  The samples were impregnated w i t h  p o t a s s i u m  by a n  i n c i p i e n t  
we t t ing  t echn ique ,  t hen  d r i e d  a t  room temperature  and s t o r e d  under vacuum. 

The d a t a  i n  t h i s  s t u d y  was gene ra t ed  i n  a thermogravimetr ic  r e a c t o r  system 
u t i l i z i n g  a n  e l e c t r o n i c  m i c r o b a l a n c e  and  a q u a r t z  downtube r e a c t o r  wh ich  
enclosed t h e  p l a t i n u m  s a m p l e  t r a y  a s  shown i n  F i g u r e  1 .  The o t h e r  m a j o r  
components were a movable e l e c t r i c  f u r n a c e ,  a t e m p e r a t u r e  c o n t r o l l e r  a n d  a n  
a u x i l i a r y  type  K thermocouple.  The s y s t e m  a l s o  i n c l u d e d  a g a s  p r e p a r a t i o n  
s e c t i o n  f o r  mixing and meter ing t h e  f e e d  gas  a t  t h e  d e s i r e d  c o m p o s i t i o n s  a n d  
flow r a t e s .  The r e a c t a n t  gas  was a mix tu re  of 15% C 0 2  and 85% N2. Ultra h i g h  
p u r i t y  ( U H P )  N 2  was used a s  t h e  purge gas .  The product  gases  were ana lyzed  by 
an  on - l ine  gas  chromatograph and nond i spe r s ive  i n f r a r e d  CO and C02 ana lyze r s .  

To p repa re  a run ,  20-30 mg'Of- Sample were  l o e d e d  o n t o  t h e  m i c r o b a l a n c e  
t r a y  and t h e  r e a c t o r  was placed i n  p o s i t i o n .  The system was p u r g e d  w i t h  UHP 
N t o  remove t h e  oxygen and t h e  f u r n a c e  was r a i s e d  t o  e n c l o s e  t h e  r e a c t o r .  
~ $ 0  heat-up procedures  were u s e d :  a l i n e a r  5OC/min r a t e  and a r a p i d  o n e  s t e p  
process  where t h e  f u r n a c e  was preheated t o  8OO0C and then  r a i s e d  t o  e n c l o s e  t o  
r e a c t o r .  
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RESULTS AND DISCUSSION 

To examine t h e  i n t e r a c t i o n  of t h e  p o t a s s i u m  c a t a l y s t  w i t h  t h e  c a r b o n  
s u r f a c e ,  a s e r i e s  of t e m p e r a t u r e  programmed r e a c t i o n  e x p e r i m e n t s  w e r e  
conducted where t h e  sample mass and t h e  r e a c t i o n  p r o d u c t s  were c o n t i n u a l l y  
monitored. F i g u r e  2 shows t y p i c a l  temporal  p r o f i l e s  f o r  t h e  CO and C 0 2  p e a k s  
when t h e  sample is h e a t e d  t o  800°C i n  a r educ ing  atmosphere a t  a moderate r a t e  
(5'C/min). For c l a r i t y  i n  d e s c r i b i n g  t h e  v a r i o u s  p rocesses  which occur  du r ing  
t h e  t r a n s i e n t  h e a t - u p  p e r i o d ,  t h e  r e s u l t s  a r e  d i v i d e d  i n t o  f i v e  s e p a r a t e  
s t ages .  

s t a g e  I occur s  below 25OoC and r e p r e s e n t s  t h e  phys ica l  deso rp t ion  of gases  
such as CO S tage  I1 (250-7OO0C)  corresponds t o  t h e  
evo lu t ion  8f very2small  amounts of C 0 2  due t o  t h e  p a r t i a l  decomposition of t h e  
c a t a l y s t  and p o s s i b l y  r e a c t i o n s  with chemisorbed oxygen. T h i s  is f o l l o w e d  by 
Stage I11 ( 7 0 0 - 8 O O 0 C )  where t h e  c a t a l y s t  is reduced t h r o u g h  i n t e r a c t i o n  w i t h  
t h e  carbon s u r f a c e  and l a r g e  amounts of CO a r e  gene ra t ed .  S t age  I V  r e p r e s e n t s  
an  i so the rma l  h e a t  t r e a t m e n t  per iod where t h e  sample i s  exposed  t o  UHP N a t  
800°C. Although no measurable  amounts of CO o r  C 0 2  a r e  o b s e r v e d  d u r i n g  $ h i s  
s t a g e ,  a s t e a d y  w e i g h t  l o s s  o c c u r s .  F i n a l l y ,  S t a g e  V r e p r e s e n t s  t h e  
g a s i f i c a t i o n  of t h e  carbon sample a t  800°C.  

When a f r e s h l y  impregnated sample is hea ted  t o  2 5 0 ° C  ( S t a g e  I ) ,  b o t h  C 0 2  
and H 0 a r e  desorbed.  The amount of CO gene ra t ed ,  normalized wi th  r e s p e c t  t o  
t h e  i g i t i a l  amount of ca rbon  p r e s e n t ,  is g iven  i n  F i g u r e  3 a s  a f u n c t i o n  of 
t h e  i n i t i a l  potassium l e v e l ,  ( K / C )  . A l i n e a r  response is observed where one  
mole o f  CO T h i s  
l i n e a r i t y  c s e a r l y  i n d i c a t e s  t h a t  t h e  potassium s t r o n g l y  in f luences  t h e  amount 
Of CO adsorbed and t h e  s t o i c h i o m e t r y  s u g g e s t s  t h a t  e a c h  mole of  p o t a s s i u m  
carbogate  i n t e r a c t s  w i t h  o n e  mole  o f  CO d e s o r b e d  was 
independent of t h e  ra te  a t  which t h e  sampl'e was heated t o  250 6. The s c a t t e r  
i n  t h e  d a t a  i m p l i e s  t h a t  o t h e r  f a c t o r s  may i n f l u e n c e  t h e  amoun t  o f  C02 
adsorbed. 

A S  t h e  sample t empera tu re  approaches  7 O O 0 C ,  CO b e g i n s  t o  e v o l v e  a s  t h e  
Ca ta lys t  is reduced on t h e  carbon s u r f a c e  ( S t a g e  111). The t o t a l  amount of CO 
gene ra t ion  i s  shown i n  F igu re  4 where t h e  CO/C r a t i o  is given as a f u n c t i o n  of 
t h e  i n i t i a l  K/C r a t i o .  For each sample,  t h r e e  moles of CO were g e n e r a t e d  f o r  
e a c h  mole of p o t a s s i u m  c a r b o n a t e  o r i g i n a l l y  p r e s e n t  i n d i c a t i n g  c o m p l e t e  
r educ t ion  of t h e  ca rbona te :  

and H 0 from t h e  s u r f a c e .  

is d e s o r b e d  f o r  eve?y two m o l e s  o f  p o t a s s i u m  p r e s e n t .  

The amount  of C g  

K2C03 + 2 C = 2 'KC'  + 3CO 1 )  

where 'KC' r e p r e s e n t s  t h e  reduced.form. The n a t u r e  o f  t h i s  r e d u c e d  form is  
not c l e a r l y  known b u t  one  p o s s i b i l i t y  is a complex invo lv ing  K ,  C and poss ib ly  
0. This  unknown complex r e a d i l y  decomposes i n  t h e  700-8OO0C temperature  range 
under r educ ing  c o n d i t i o n s  and r e l e a s e s  a l k a l i  m e t a l  vapor  t o  t h e  g a s  p h a s e .  
The t o t a l  amount of CO gene ra t ed  du r ing  t h i s  s t a g e  was t h e  same w h e t h e r  t h e  
Sample was hea ted  a t  a moderate r a t e  o r  i n  one r a p i d  s t e p  d i r e c t l y  from room 
temperature  to  80oOc. For t h e  samples wi th  an i n i t i a l  c a t a l y s t  c o n c e n t r a t i o n  
high enough t o  s a t u r a t e  t h e  s u r f a c e ,  t h e  r a t e  of CO g e n e r a t i o n  r e a c h e d  a 
maximum independent  of t h e  i n i t i a l  l o a d i n g  and r e m a i n e d  c o n s t a n t  u n t i l  t h e  
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I 

r educ t ion  was n e a r l y  complete a t  which t ime a normal f i rs t  o r d e r  decay p r o f i l e  
was observed. I n  o t h e r  words, by doubl ing t h e  i n i t i a l  c a t a l y s t  c o n c e n t r a t i o n ,  
t h e  time f o r  c o m p l e t e  c a t a l y s t  r e d u c t i o n  would a l s o  b e  d o u b l e d .  T h i s  
phenomenon s u g g e s t s  t h a t  t h e  r a t e  is l i m i t e d  by t h e  a v a i l a b l e  s u r f a c e  a r e a .  

To ana lyze  t h e  k i n e t i c s  of c a t a l y s t  l o s s  by v a p o r i z a t i o n ,  t h e  c h a n g e  i n  
t h e  p o t a s s i u m  c o n t e n t  o f  s e v e r a l  s a m p l e s  u n d e r g o i n g  h e a t  t r e a t m e n t  was 
determined b o t h  by d i r e c t  a n a l y s i s  of t h e  s a m p l e s  a f t e r  q u e n c h i n g  a n d  by 
i n d i r e c t  d e t e r m i n a t i o n  by w e i g h t  l o s s  m e a s u r e m e n t s .  A t y p i c a l  o v e r a l l  
temporal p r o f i l e  o f  c a t a l y s t  l o s s  when a s a m p l e  i m p r e g n a t e d  w i t h  p o t a s s i u m  
ca rbona te  is g r a d u a l l y  hea ted  t o  8OO0C i n  a r e d u c i n g  a t m o s p h e r e  i s  shown i n  
F igu re  5. For comparison, a sample impregnated w i t h  p o t a s s i u m  h y d r o x i d e  is  
a l s o  given.  The r e s u l t s  i n d i c a t e  t h a t  a l a r g e  f r a c t i o n  o f  t h e  c a t a l y s t  is  
l o s t  i n  a narrow t e m p e r a t u r e  r a n g e  a r o u n d  8OO0C, d e n o t e d  by S t a g e  I11 i n  
F igu re  2. 

Many i n v e s t i g a t o r s  have sugges t ed  t h a t  a l k a l i  me ta l  c a t a l y z e d  g a s i f i c a t i o n  
i n v o l v e s  a p r o c e s s  w h e r e  t h e  c a t a l y s t  c o n t i n u a l l y  u n d e r g o e s  a n  
ox ida t ion / r educ t ion  c y c l e  (7,13). The c a t a l y s t ,  a f t e r  f i r s t  b e i n g  r e d u c e d  
du r ing  t h e  t r a n s i e n t  s t a r t - u p  p e r i o d ,  is ox id ized  upon t h e  i n t r o d u c t i o n  o f  CO 
and produces a CO p r o f i l e  c h a r a c t e r i z e d  by a n  o v e r s h o o t .  The o x i d i z e d  fort? 
t hen  i n t e r a c t s  with t h e  carbon s u r f a c e  t o  l i b e r a t e  a n o t h e r  CO t h u s  r e t u r n i n g  
t o  t h e  reduced form complet ing t h e  cyc le .  Moulijn e t  a l .  (1 ,5 )  have d e s c r i b e d  
t h i s  p rocess  wi th  a s imple  two s t e p  r e a c t i o n  sequence: 

'KC' + C02 = 'KCO' + CO 
'KCO' + C = 'KC' + CO 

2 )  
3) 

where 'KC' r e p r e s e n t s  t h e  r e d u c e d  form a n d  'KCO' t h e  o x i d i z e d  f o r m .  A 
suppor t ing  obse rva t ion  f o r  t h i s  t y p e  of mechanism i s  a s l i g h t  w e i g h t  g a i n  
which accompanies t h e  CO overshoot  a t  t h e  o n s e t  o f  g a s i f i c a t i o n  due  t o  t h e  
o x i d a t i o n  of t h e  reduced form of t h e  c a t a l y s t .  

Regardless  of t h e  exac t  chemical form of t h e  c a t a l y s t  f o l l o w i n g  S tage  111, 
i t  seems t h a t  t h e  fo rma t ion  of t h e  reduced c a t a l y s t  is a p r e r e q u i s i t e  f o r  t h e  
observed r a p i d  w e i g h t  l o s s  of c a t a l y s t  a r o u n d  80OoC. I n  f a c t ,  t h e  r a p i d  
weight l o s s  does no t  seem t o  be d i r e c t l y  r e l a t e d  t o  t h e  me l t ing  p o i n t  of K CO 
(891OC). Rathe r ,  i t  is due t o  t h e  f a c t  t h a t  a t  t h i s  t empera tu re  t h e  c a t a ? y s 2  
is r a p i d l y  converted t o  i ts reduced fo rm which  is r e a d i l y  v a p o r i z e d .  T h i s  
s p e c u l a t i o n  is suppor t ed  by t h e  r e s u l t s  ob ta ined  from samples impregnated with 
KOH. A s  shown i n  F i g u r e  5 ,  t h e  KOH s a m p l e  shows t h e  same r a p i d  l o s s  o f  
c a t a l y s t  around 8OO0C even though KOH has a me l t ing  po in t  of o n l y  38OoC. 

I n  c o n c l u s i o n ,  t h e  p r o c e s s  of c a t a l y s t  r e d u c t i o n  a p p e a r s  t o  b e  a n  
a c t i v a t e d  one which r e q u i r e s  i n t i m a t e  c o n t a c t  w i t h  a c t i v e  s i t e s  S O  t h a t  f o r  
samples which a r e  i n i t i a l l y  s a t u r a t e d  with c a t a l y s t ,  t h e  r a t e  of r e d u c t i o n  i s  
l i m i t e d  by t h e  a v a i l a b l e  s u r f a c e  a r e a .  The amount of CO gene ra t ed  du r ing  t h i s  
process  i n d i c a t e s  t h a t  t h e  c a t a l y s t  i s  c o m p l e t e l y  r e d u c e d .  F u r t h e r m o r e ,  
c a t a l y s t  l o s s  k i n e t i c s  sugges t  t h a t  t h e  f o r m a t i o n  o f  a r e d u c e d  f o r m  of t h e  
c a t a l y s t  is a p r e r e q u i s i t e  f o r  r a p i d  v a p o r i z a t i o n  and escape t o  t h e  g a s - p h a s e .  
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Figure  1 .  Schematic diagram-of t h e  Cahn microbalance  system. 
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ABSTRACT 

Potassium c a t a l y s t s  a c t i v e  toward g a s i f i c a t i o n  o f  carbon by 90 and 
CO2 can be generated by a d d i t i o n  o f  KOH t o  carbon. We have cha rac te r i zed  the 
c o n t r o l l e d  a d d i t i o n  o f  KOH t o  the edge sur face of  g raph i te  and the  sur face o f  
a glassy carbon us ing AES, XPS and UPS. Submonolayer concentrat ions o f  
potassium-oxygen sur face species are formed from KOH on pre-ox id ized edge 
g raph i te  and glassy carbon surfaces which are s t a b i l i z e d  t o  8OO0C i n  vacuum. 
These surfaces have two O(1S) peak envelopes centered near 531 eV and 533 
eV. The higher b ind ing  energy peak i s  c h a r a c t e r i s t i c  o f  oxygen s t r o n g l y  bound 
t o  carbon. Heating t o  950' C r e s u l t s  i n  t h e  l oss  o f  potassium and the lower 
b ind ing energy oxygen peak associated w i t h  the  p o t a s s i m  c a t a l y s t .  In con- 
t r a s t  the i n t e r a c t i o n  o f  KOH w i t h  t h e  a tomica l l y  c lean edge g raph i te  sur face 
does not  produce the a c t i v e  potassium form. The i n i t i a l  oxygen content  o f  the 
carbon sur face i s  impor tant  i n  c a t a l y s t  p repara t i on  from KOH. 

INTRODUCTION 

Addi t ions o f  a l k a l i  metal s a l t s  t o  carbon are known t o  produce 
c a t a l y t i c  e f f e c t s  toward g a s i f i c a t i o n  by C02 or H20 .(1-7). KOH and K2C03 are 
espec ia l l y  a c t i v e  precursors t o  c a t a l y t i c a l l y  a c t i v e  s ta tes  on t h e  carbon 
surface (8). The c a t a l y t i c  form can be prepared by heat ing a m ix tu re  o f  t he  
sample and the  s a l t  i n  t h e  reac t i ve  gaseous environment. I n  k i n e t i c  s tud ies  
t h i s  i s  usua l l y  a temperature greater  than the maximum i n  the range used f o r  
the k ine t i cs .  The potassium c a t a l y s t  when i n  an a c t i v e  form i s  be l i eved  t o  be 
mobile on the  carbon surface ye t  s tab le  t o  vapor i za t i on  under g a s i f i c a t i o n  
condi t ions.  The c a t a l y s t ' s  s t a b i l i t y  i s  demonstrated by the  r e t e n t i o n  o f  
potassium f o l l o w i n g  prolonged heat ing i n  an i n e r t  environment a t  t he  reac t i on  
temperature o f  700'C subsequent t o  g a s i f i c a t i o n  (9) .  The a c t i v e  potassium 
form i s  found t o  be associated w i t h  sur face bound oxygen based on a k y l a t i o n  
s tud ies (9,lO). A b e t t e r  understanding o f  potassium cata lyzed carbon g a s i f i -  
ca t i on  w i l l  come from more knowledge o f  t he  d e t a i l s  o f  t he  potassium complex 
and the carbon sur face composition. For  t h i s  reason the  i n i t i a l  i n t e r a c t i o n  
o f  a l k a l i  s a l t s  such as KOH w i t h  we l l  def ined carbon subst rates a re  o f  funda- 
mental i n t e r e s t .  

The importance o f  t h e  oxygen content  i n  r e l a t i o n  t o  t h e  c a t a l y t i c  
g a s i f i c a t i o n  a c t i v i t y  o f  KOH and $C03 toward var ious carbons has been re-  
c e n t l y  emphasized (11,lZ). The clean oxygen f r e e  edge sur face o f  g raph i te  was 
s tud ied under u l t r a  high vacuum cond i t i ons  i n  order t o  i s o l a t e  the  pure i n t e r -  
ac t i on  o f  KOH w i t h  a c t i v e  carbon surface s i t e s .  The i n t e r a c t i o n  o f  KOH f i l m s  
contaminated by exposure t o  H20 or O2 was s tud ied  on the "passive" basal 
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sur face o f  g raph i te  t o  determine t h e  i n f l uence  o f  d i r e c t  KOH ox idant  i n t e r -  
ac t i on  i n  the  absence of "ac t i ve "  carbon s i t e s .  I n  t h i s  way the chemistry o f  
KOH w i t h  pre-ox id ized carbon surfaces could be d i f f e r e n t i a t e d .  

EX PER MENTAL 

Experiments were performed i n  a standard u l t r a - h i g h  vacuum spectro- 
scopy chamber. A double-pass cy1 i n d r i c a l  m i r r o r  analyzer (Phys ica l  Elec- 
t r o n i c s )  was used f o r  AES, XPS and UPS measurements. The d e t a i l s  o f  the sample 
preparat ion and c h a r a c t e r i z a t i o n  o f  the oxygen-free edge surface o f  g raph i te  
and glassy carbon can be found i n  previous communications (13,14). Two d i f -  
f e r e n t  sample ho lde rs  were used i n  the  study. One was a standard UHV manipu- 
l a t o r  which could access a KOH evaporation source. The d e t a i l s  o f  the KOH 
evaporation source used i n  the UhV s tud ies appear elsewhere (15). The other  
ho lde r  was a Leybold Heraeus design which a l lowed r a p i d  i n t r o d u c t i o n  o f  
samples from atmospheric pressure t o  the  UHV environment. The carbon samples 
were ox id ized i n  Oi, a t  300'C i n  an i s o l a t e d  h igh  pressure preparat ion 
sect ion.  The o x i d a t i o n  k i n e t i c s  by 0 of t h e  edge g raph i te  surface and glassy 
carbon have been examined and condiZions chosen which produced subs tan t i a l  
amount o f  sur face ox ida t i on .  

N i t r i c  a c i d  ox ida t i on  o f  t h e  g lassy carbon samples was accomplished 
by b o i l i n g  the samples fo r  4 hours i n  H N 4  under r e f l u x  condi t ions.  KOH was 
added t o  carbon sur faces i n  l abo ra to ry  a i r  by p h y s i c a l l y  con tac t i ng  t h e  carbon 
surface i n  a i r  w i t h  a mois t  KOH p e l l e t .  Th is  formed a l i q u i d  coat ing across 
t h e  e n t i r e  carbon surface. The procedure was accomplished w i t h i n  one minute 
and the sample was re tu rned  t o  the UHV environment by use o f  the rap id  i n t r o -  
duc t i on  sample holder .  

RESULTS 

I .  KOH on Basal Graph i te  With H90 and O7 

When KOH i s  used as the precursor  i n  g a s i f i c a t i o n  c a t a l y s i s  i t  i s  
usua l l y  added from s o l u t i o n  or  d i r e c t l y  added i n  atmospheric condi t ions.  
Furthermore, t he  carbon surfaces w i t h  the s a l t  precursor are exposed t o  the  
o x i d i z i n g  reac tan t  gaseous environment p r i o r  t o  react ion.  These are p o t e n t i a l  
sources for  chemical mod i f i ca t i on  o f  parent KOH. I n  order  t o  examine the  
ef fect  of d i r e c t  KOH gas i n t e r a c t i o n s  we have performed model experiments on 
t h e  basal plane of g raph i te .  The basal sur face o f  p y r o l y t i c  g raph i te  conta ins 
a preponderance of  " i n a c t i v e "  carbon s i t e s  and prov ides a s u i t a b l e  surface t o  
examine d i r e c t  KOH gas i n te rac t i ons .  We have found t h a t  t h e  surfaces o f  pure 
KOH f i lms  evaporated i n - s i t u  i n  the UHV chamber w i l l  r a p i d l y  take up oxygen 
from exposure t o  %O a v t  room temperature. 

The KOH f i l m s  exposed t o  H20 and O2 on the basal g raph i te  sur face 
had only s l i g h t l y  g r e a t e r  thermal s t a b i l i t i e s  toward desorpt ion i n  UHV than 
those found f o r  pure KOH f i l m s .  The vapor pressure o f  pure KOH i s  subs tan t i a l  
above 30OOC. This i s  a l so  t r u e  f o r  surfaces w i t h  KOH added i n  atmosphere. 
Fol lowing KOH a d d i t i o n  i n  a i r  H20 was the major gaseous species produced a long 
w i t h  KOH upon hea t ing  i n  UHV. Clean basal g raph i te  surfaces were recovered 
upon heat ing t o  5OOOC i n  vacuum. 

350 



i 

.Add i t i on  o f  KOH t o  carbon i n  a i r  w i l l  t h e r e f o r e  always i n t roduce  
oxygen con ta in ing  gases i n t o  the system. Basal g raph i te  surfaces which have 
been contacted by KOH i n  a i r  have s i m i l a r  thermal s t a b i l i t i e s  t o  t h e  b0 and 
02 exposed pure KOH f i lms .  Although prolonged atmospheric exposure o f  KOH 
leads t o  the uptake o f  C02 and format ion o f  potassium carbonate, our  exposures 
t o  a i r  were shor t .  Potassium carbonate format ion should show i t s e l f  by i n -  
creased thermal s t a b i l i i t y  o f  t he  potassium species s ince bulk  potassium 
carbonate decomposes at  much h igher  temperature. We could not f i n d  any e v i -  
dence f o r  apprec iab le carbonate formation. 

11. KOH On Clean Edge Graphi te  

We have s tud ied t h e  i n t e r a c t i o n  o f  KOH on the clean edge Yraphi te  
sur face t o  determine i f  s'table potassium s ta tes  are formed on an a c t i v e "  
carbon surface i n  t h e  absence o f  oxygen. The potassium, oxygen and carbon AES 
s igna ls  were monitored as a func t i on  o f  coverage f o l l o w i n g  KOH depos i t i on  on 
the  oxygen f ree  edge sur face o f  g raph i te  he ld  a t  room temperature and fo l l ow-  
i n g  heat ing i n  vacuum. We w l l  r e p o r t  our  AES r e s u l t s  i n  the dN(E)/dE mode 
normalized t o  the carbon subs t ra te  s igna l  which c i  rcumvents problems associ- 
ated w i t h  absolute i n t e n s i t y  c a l i b r a t i o n s .  These r e s u l t s  are shown i n  F igu re  
1 and are compared t o  the  r e s u l t s  obtained on the basal sur face i n  a prev ious 
i n v e s t i g a t i o n  (15). 

The s tud ies  on the  basal g raph i te  sur face establ ished t h a t  a 1:l O:K 
sto ich iometry  was maintained dur ing roan temperature depos i t i on  and subsequent 
heat ing i n  vacuum. On t h e  basal suface o f  g raph i te  an AES K/C r a t i o  -0.4 
corresponded t o  a sur face w i t h  a coverage o f  one KOH per e igh t  carbon atoms. 
On t h i s  basis the  present AES r e s u l t s  f o r  KOH on the  edge sur face i n d i c a t e  
t h a t  a 1:l O:K sto ich iometry  e x i s t s  a t  m u l t i l a y e r  as we l l  as submonolayer 
coverages dur ing t h e  depos i t i on  near room temperature and a f t e r  heat ing i n  
u l t r a  h igh vacuum t o  temperatures where the  l oss  o f  potassium and oxygen 
occurs. 

The coverage o f  KOH was monitored by AES fo l l ow ing  heat ing t o  a 
given temperature f o r  300 sec i n  UHV. The i n i t i a l  coverage corresponded t o  a 
KJC r a t i o  near 2.0 and represents an amount i n  excess o f  a monolayer. The KOH 
coverage remains almost constant as t h e  sur face temperature neared 200'C. The 
potassium s ignal  decreased between 200-500OC. Above 3OOOC t h e  vapor pressure 
o f  KOH i s  subs tan t i a l  and t h i s  i s  one l i k e l y  mode o f  m u l t i l a y e r  l o s s  at  these 
temperatures. Submonolayer coverages o f  KOH p e r s i s t  i n  the  range o f  400OC. 
The presence o f  submonolayer concentrat ions o f  adsorbate a t  these h ighe r  
temperatures i s  a t t r i b u t e d  t o  a s t a b i l i z i n g  i n t e r a c t i o n  w i t h  the  carbon sub- 
s t r a t e .  The same type o f  behavior was observed f o r  pure KOH on the basal 
surface o f  grapi te .  KOH i n t e r a c t s  w i t h  t h e  oxygen f r e e  edge g r a p h i t e  sur face 
i n  a manner which does no t  produce s t rong ly  bound potassium-oxygen sur face 
compl exes. 

111. KOH on Oxidized Edge Graphi te  

We have determined the  sur face elemental composit ion and t h e  thermal 
s t a b i l i t y  o f  t he  potassium con ta in ing  species on the  ox id i zed  edge sur,face o f  
g raph i te  prepared by adding KOH external  t o  the  vacuum system i n  a i r .  The 
edge surface o f  g raph i te  was f i r s t  ox id i zed  i n  pure 0 a t  3OOOC near atmos- 
phe r i c  pressure and then t h e  KOH was added. This  metho% o f  p repara t i on  o f  t he  
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KOH over layer  has a dramatic e f f e c t  on the  thermal s t a b i l i t y  o f  the potassium 
complex. The s i n g l e  l a y e r  coverage range, AES WC -0.4. p e r s i s t s  between 700- 
800°C. The potassium i s  u l t i m a t e l y  l o s t  a t  temperatures above 800OC. The 
s t a b i l i t y  o f  potassium i s  very d i f f e r e n t  on t h e  ox id i zed  edge g raph i te  sur- 
face. There are a l s o  major composit ional changes i n  the  KOH over layer  as wel l  
as i n  the carbon sur face.  F igure 1 shows t h e  oxygen and potassium A B  s ignals  
r e l a t i v e  t o  the  carbon subs t ra te  s ignal  f o r  t he  ox id ized sample contacted w i t h  
KOH. The s o l i d  l i n e s  i n  F igure 1 represent i n t e g r a l  oxygen t o  potassium 
s to i ch iomet r i c  values as def ined from t h e  prev ious resu l t s .  I n  the high 
coverage m u l t i l a y e r  regime the KOH over layer  has between 2 and 3 t imes the 
oxyen content as the  s to i ch iomet r i c  KOH compound. This i s  evidence t h a t  the 
KOH l aye rs  have taken up and reta ined subs tan t i a l  q u a n t i t i e s  o f  oxygen species 
from atmospheric gases, predominantly H20. Upon heat ing t h e  sample i n  UHV the 
over layer  coverage decreases and t h e  potassium content decreases. F igure 1 
show? t h a t  as t h e  potassium coverages decrease i n t o  a submonolayer regime, AES 
K/C -0.4, t he re  i s  a subs tan t i a l  amount o f  oxygen present as measured by AES 
several t imes t h e  1:l sto ich iometry .  A good p o r t i o n  o f  t h i s  oxygen i s  associ- 
ated w i t h  the carbon subst rate.  The carbon surface i s  heav i l y  ox id ized.  This 
has a profound e f f e c t  on the vacuum s t a b i l i t y  o f  t h e  potassium species i n  the 
submonolayer coverage range. Oxygen appears t o  be associated w i t h  the  species 
s ince the re  i s  a corresponding loss o f  a p o r t i o n  o f  t he  oxygen. 

I V .  KOH On Oxid ized Glassy Carbon 

The method o f  KOH a d d i t i o n  t o  ox id i zed  glassy carbon sur face was the 
same as on the ox id i zed  edge surface. This method o f  p repara t i on  was a lso 
used t o  add KOH t o  g lassy carbon samples which were found t o  be c a t a l y t i c a l l y  
a c t i v e  toward C02 carbon g a s i f i c a t i o n  (16). 

We w i l l  compare the  r e s u l t s  f o r  glassy carbon samples which were 
ox id ized d i f f e r e n t l y .  One method was o x i d a t i o n  i n  O2 at  300'C which was the 
same method p r e v i o u s l y  used, t h e  o t h e r  was ox ida t i on  by HN03 and produced a 
surface which was ox id i zed  t o  a greater  ex ten t .  F igure 2 conta ins the  r e s u l t s  
o f  the thermal s t a b i l i t y  experiments f o l l o w i n g  heat ing f o r  300 sec i n  UHV at 
each temperature. I n  both cases a coverage greater  than a monolayer was 
deposited and subsequently heated i n  UHV. The m u l t i l a y e r  coverages were l o s t  
i n  the 500-600OC range on t h e  O2 ox id i zed  subst rate.  This i s  s i m i l a r  t o  the  
r e s u l t s  on the  HN03 ox id i zed  sample which are not shown. In  both cases the 
potassium Auger s i g n a l  p e r s i s t s  t o  much h igher  temperatures. The potassium 
l e v e l s  are approx imate ly  th ree  t imes g rea te r  f o r  t he  HN03 ox id i zed  sample f o r  
t he  02 case a t  any g iven temperature. There are d i f f e rences  i n  the  surface 
elemental composit ion o f  these samples. F igure 3 shows the oxygen and potas- 
sium AES s i g n a l s  r e l a t i v e  t o  the  carbon subs t ra te  s igna l  f o r  the two 
samples. The s o l i d  l i n e s  i n  F igure 3 represent  i n t e g r a l  oxygen t o  potassium 
s to i ch iomet r i c  values as def ined frm the prev ious r e s u l t s  contained i n  F igure 
1 based on 1:l oxygen t o  potassium KOH s to ich iometry .  I n  the  high coverage 
m u l t i l a y e r  regime t h e  KOH ove r laye r  has between 2 and 3 t imes t h e  oxygen 
content as the  s t o i c h i o m e t r i c  KOH compound independent o f  t he  method o f  glassy 
carbon preox idat ion.  This i s  again evidence t h a t  the KOH laye rs  have taken up 
subs tan t i a l  q u a n t i t i e s  o f  oxygen conta in ing gases from the  a i r .  Upon heat ing 
the sample i n  UHV the  over layer  coverage decreases and the potassium content 
decreases. F igure 3 shows t h g t  as the potassium coverages decrease i n t o  a 
submonolayer regime, AES K/C -0 .4 ,  t he re  i s  a subs tan t i a l  amount o f  oxygen 
present which i s  g rea te r  than a 1 : l  s to i ch iomet ry  as measured by AES. We see 
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t h a t  as the amount of potassium decreases i n  the  low coverage regime t h e r e  i s  
a corresponding loss of a f r a c t i o n  o f  the oxygen present .  As i n  the case w i t h  
the  edge g raph i te  subst rate oxygen appears t o  be associated w i t h  the  potassium 
species. I n  both glassy carbon samples the  carbon sur face remains h e a v i l y  
ox id i zed  f o l l o w i n g  the  loss o f  potassium. The oxygen Auger s igna l  f o r  the 
HNO oxid ized sample i s  s l i g h t l y  more than double t h a t  o f  the sample ox id i zed  
i n  $. This r e f l e c t s  t h e  d i f f e r e n t  extents  o f  i n i t i a l  ox idat ion.  The vacuum 
s t a b i l i t y  o f  t he  potassium species i s  enhanced on the more ox id i zed  surface. 
The degree o f  carbon surface ox ida t i on  i s  r e l a t e d  t o  the  s t a b i l i t y  Of  t he  
potassium species generated frm KOH. 

We have used XPS i n  order  t o  cha rac te r i ze  t h e  e l e c t r o n i c  s t r u c t u r e  
o f  the ox id ized glassy carbon surfaces a f t e r  KOH add i t i on  and thermal t r e a t -  
ment i n  vacuum. The 
O(1S) XPS spect ra was recorded f o l l o w i n g  5 min heat ing t o  the  temperature 
shown i n  Figure 4. As p rev ious l y  determined by AES the  500'C spectrum corres-  
ponds t o  m u l t i l a y e r s  o f  the potassium con ta in ing  over layer .  The 5 0 0 Y  spec- 
t rum has a FWHM o f  2.4 eV and a B.E. o f  531.7 eV w i t h  respect  t o  the  Fermi 
l eve l .  This i s  c lose t o  the  value repor ted f o r  KOH (17) .  We know t h a t  t he  
KOH over layer  conta ins more than t h e  s to i ch iomet r i c  amount o f  oxygen y e t  we 
are unable t o  resolve d i f f e r e n t  oxygen(1S) peaks. Upon hea t ing  t o  800°C the  
over layer  concentrat ion was decreased i n t o  the  monolayer regime. The 800°C 
XPS s p e c t r m  shows a broad O(1S) s igna l ,  FWHM - 4.5 eV. There appears t o  be 
two O(1S) peak envelopes, one centered near 531 eV, the  o the r  a t  533 eV. 
Heating t o  95OoC r e s u l t s  i n  the loss  o f  potassium. A O(1S) peak centered near 
533 eV remains and t h i s  value i s  associated w i t h  oxygen s t r o n g l y  bound t o  
glassy carbon. The 531 eV O(1S) peak occurs i n  the  presence submonolayer 
concentrat ions o f  potassium. The work func t i on  o f  t h e  d i f f e r e n t  g lassy carbon 
surfaces were determined from photoelect ron spectroscopy. The c lean glassy 
carbon surface had a work func t i on  o f  4.2 eV. Oxidat ion by O2 increases the  
work func t i on  t o  4.4 eV and increases f u r t h e r  on a heav i l y  ox id i zed  HN03 
sample t o  a value o f  4.5 eV. The ox id i zed  g lassy carbon su r face  w i t h  the  
potassium complex corresponding t o  t h e  BOO'C XPS spectrum showed a work 
func t i on  decrease t o  3.6 eV. I f  these values are used t o  est imate b ind ing  
energies o f  the oxygen (1s) peaks w i t h  respect t o  the  vacuum l e v e l  we f i n d  
almost a three eV b ind ing  energy d i f f e r e n c e  between the  oxygen associated w i t h  
the  potassium species and oxygen bound t o  carbon. Lower b ind ing  energies o f  a 
g iven element are genera l l y  i d e n t i f i e d  w i t h  more e l e c t r o p o s i t i v e  e l e c t r o n i c  
environments. The carbon sur face w i t h  the potassium complex t h e r e f o r e  shows 
oxygen i n  two genera l l y  d i f f e r e n t  e l e c t r o n i c  environments: one associated 
w i t h  potassium and i n  an e l e c t r o p o s i t i v e  environment; t he  o the r  i n  a more 
e lec t ronega t i ve  environment which i s  t y p i c a l l y  observed on t h e  potassium-free 
surface. 

KOH was added t o  an HN03 ox id i zed  glassy carbon sample. 

DISCUSSION 

We have s tud ied the  i n t e r a c t i o n  o f  KOH on clean g raph i te  sur faces i n  
order  t o  i s o l a t e  the  pure i n t e r a c t i o n  o f  KOH and carbon. AES r e s u l t s  show 
t h a t  a constant 1:l oxygen t o  potassium sto ich iometry  i s  maintained throughout 
deposi t ion w i t h  the edge g raph i te  sur face he ld  a t  3OoC independent of coverage 
as wel l  as a f t e r  hea t ing  i n  vacuum t o  produce submonolayer.coverages. On the  
basal surface o f  g raph i te  submonolayer coverages o f  KOH were the rma l l y  s t a b l e  
above the  me l t i ng  po in t  o f  s o l i d  KOH where t h e  KOH vapor pressure i s  substan- 
t i a l .  Likewise the r e s u l t s  on the  edge sur face show an increased s t a b i l i t y  
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f o r  the adsorbate a l ow  concentation. Submonolayer concentrat ions o f  potas- 
sium species p e r s i s t  up t o  500'C. Our r e s u l t s  are consis tent  w i t h  the p i c t u r e  
t h a t  KOH i n t e r a c t s  r e v e r s i b l y  w i t h  t h e  edge sur face o f  graphi te .  The 
adsorbate i s  s t a b i l i z e d  w i t h  respect t o  s o l i d  KOH by the i n t e r a c t i o n  w i t h  the 
carbon substrate. Pure KOH over layers on t h e  edge g raph i te  surface do not 
form s tab le  adsorpt ion s ta tes  above 500OC. 

The i n t e r a c t i o n  o f  +O and 0, w i t h  a pure KOH over layer  on the  basal 
surface o f  g raph i te  emphasize d i r e c t  s a l t  gas i n t e r a c t i o n s .  The KOH sur face 
was very a c t i v e  toward The i r  presence does not  d i r e c t l y  

t i a l l y  clean basal g r a p h i t e  surfaces are recovered upon hea t ing  i n  UHV t o  
500'C. The i n t e r a c t i o n  o f  KOH w i t h  H20 o r  O2 on a passive basal g raph i te  
sur face i s  not s u f f i c i e n t  t o  produce potassium species which are s t a b i l i z e d  
w i t h  respect t o  vacuum a t  h igh  temperatures. 

The i n t e r a c t i o n  of,, H20, and KOH w i t h  t h e  "passive" basal graphi te  
surface or  KOH alone on an ac t i ve "  edge g raph i te  sur face does not  generate 
potassium species which a re  s t a b l e  above 500OC. Oxygen a l ready bound t o  
carbon i s  an impor tan t  element i n  determining the format ion o f  s tab le  potas- 
sium species. C a t a l y t i c  precursor  a l k a l i  s a l t s  are genera l ly  added t o  carbons 
under o x i d i z i n g  cond i t i ons  o f  the gaseous environment or  the carbon surface. 
The edge g raph i te  and glassy carbon surfaces were p reox id i zed  t o  introduced 
oxygen s t rong ly  bound t o  carbon. The i n t e r a c t i o n  o f  KOH w i t h  these surface 
produces potassium c o n t a i n i n g  over layers w i t h  enhanced thermal s t a b i l i t y .  
Only submonolayer concen t ra t i on  o f  a potassium complex remained above 700OC. 
The concentrat ion o f  these species was increased w i t h  the  ex ten t  o f  carbon 
preox idat ion.  The potassium form e x i s t s  on a carbon surface t h a t  i s  heav i l y  
oxidized. The carbon sur face w i t h  t h e  potassium complex shows oxygen i n  two 
d i f f e r e n t  e l e c t r o n i c  environments. One i s  associated w i t h  potassium i s  i n  an 
e l e c t r o p o s i t i v e  environment. The o the r  i s  i n  a more e lec t ronega t i ve  envi ron- 
ment which i s  t y p i c a l l y  observed on the  potassium-free surface. We cannot 
d i s t i n g u i s h  from these r e s u l t s  i f  potassium i s  bound t o  oxygen which i s  on the 
carbon surface from potassican which i n t e r a c t s  w i t h  carbon and promotes the  
formation of oxygen i n  a more e l e c t r o p o s i t i v e  con f igu ra t i on  bound t o  carbon. 
I n  the l a t t e r  case t h i s  form o f  oxygen might e x i s t  on the carbon sur face alone 
o r  promoted by m a t e r i a l s  o the r  than potassium. Species where potassium binds 
t o  t h e  surface through oxygen, C-0-K have been pos tu la ted  t o  e x i s t  on 
cata lyzed carbon sur faces (10,12,18). I n  the  other  i n t e r p r e t a t i o n  potassium 
would be considered an adsorbate which i n t e r a c t s  w i t h  an ox id ized carbon 
s i t e .  I n  e i t h e r  case i t  i s  the i n i t i a l  o x i d a t i o n  o f  carbon which leads t o  
t h e i r  format ion from KOH. 

It i s  genera l l y  agreed t h a t  no s i n g l e  mechanism can be used t o  
i n t e r p r e t  a l l  of t he  many d i f f e r e n t  mani festat ions o f  c a t a l y t i c  carbon g a s i f i -  
cat ion.  The oxygen t ransference mechanism has been widely used t o  exp la in  
a l k a l i  cata lyzed carbon g a s i f i c a t i o n  (1,19). The a c t i o n  o f  t he  c a t a l y s t  i s  t o  
form in termediates i n  the  o x i d i z i n g  gaseous environment which decompose t o  
ox id i ze  carbon i n  t h e  p rox im i t y .  In doing t h i s  the c a t a l y s t  re turns t o  i t s  
o r i g i n a l  s t a t e  and t h e  a c t i o n  continues (20). W i th in  t h e  c lass  o f  a l k a l i  
g a s i f i c a t i o n  c a t a l y s t s  f o r  t he  reac t i on  o f  carbon w i t h  e i t h e r  H 0 o r  C02 and 
even fo r  t h e  s i n g l e  element potassium the re  a re  a v a r i e t y  o f  d i&erent  i n t e r -  
mediates pos tu la ted  f o r  t he  mechanism (21). Microscopic s tud ies suggest t h a t  
g a s i f i c a t i o n  a c t i v i t y  may not be r e s t r i c t e d  t o  a s i n g l e  phys ica l  form as 

0 and 9 a t  3OOC. 
lead t o  a s i g n i f i c a n t l y  ? i f f e r e n t  i n t e r a c t i o n  w i t h  the carbon surface. Essen- 
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c a t a l y t i c  g a s i f i c a t i o n  i s  observed f o r  systems i n  t h e  presence (22) and 
absence o f  d i sc re te  p a r t i c l e s  (23) .  The mechanisms and in termediates i nvo l ved  
i n  a l k a l i  cata lyzed carbon g a s i f i c a t i o n  by H20 and COP are s t i l l  open issues. 

We have found i n  the study o f  C02 and O2 i n t e r a c t i o n  w i t h  the  edge 
sur face o f  g raph i te  and glassy carbon samples t h a t  t h e  sur face can possess 
considerable amounts o f  oxygen which i s  s t rong ly  bound and' much less  a c t i v e  
f o r  CO formation. The CO format ion energy decreases as the t o t a l  oxygen 

h igh  oxygen coverages from e i t h e r  C02 o r  H 0 i s  extremely low, <lo- 
The surface potassium complex i s  thought $0 be the  a c t i v e  center  f o r  gas 
d i s s o c i a t i o n  whereby CO o r  H i s  formed and oxygen t rans fe r red  t o  t h e  carbon 
surface. This increases t i e  carbon sur face oxygen concentrat ion i n  the 
v i c i n i t y  o f  the complex and thus we would expect t h i s  t o  lower t h e  CO forma- 
t i o n  energy. The ac t i on  o f  the c a t a l y s t  would be t o  increase the l o c a l  oxygen 
coverage i n  a carbon domain and thereby increase t h e  number o f  domains having 
lower CO formation energetics. For  g lassy carbon these are i n  the 60-70 
kcal/mole range (24) .  This  mechanism would e f f e c t i v e l y  increase the  number of  
s i t e s  found i n  the  uncatalyzed react ion.  

surface concentrat ion increases (24) .  The e f f i c i e n c y  f o r  producing 
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Figure 1: S o l i d  t r i a n g l e s  a re  obtained from the  pr ism sur face f o l l o w i n g  KOH 
depos i t i on  a t  roan temperature. open t r i a n g l e s  are a r e s u l t  o f  
.heat ing a KOH over layer  on t he  p r i m  surface. S o l i d  c i r c l e s  are 
obtained from t h e  basal sur face f o l l o w i n g  KOH depos i t i on  a t  pM)m 

temperature. open c i r c l e s  are a r e s u l t  o f  heat ing t h e  KOH over- 
l a y e r  on t h e  basal surface. S o l i d  squares are a r e s u l t  o f  heat ing 
KOH added t o  an oxid ized edge g raph i te  surface. 
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Figure 2: A comparison of the decrease i n  the K/C Auger rat io  as a function 
of temperature af ter  KOH addition to  glassy carbon surfaces oxi- 
dized by 4 a t  3OOOC and by HN03. 
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Figure 3: Change i n  the potassium and oxygen AES signals normalized t o  
carbon following KOH addition t o  oxidized glassy carbon surfaces 
and subsequent heating in  UW. 
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Figure 4: O(1S) XPS signal a f ter  KOH addition t o  a HN03 oxidized glassy 
carbon sample and heating f o r  300 sec i n  UHV a t  each temperature. 
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